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A long-standing research interest of the Leighton group has been the utilization of strained 
silanes in the rapid and efficient synthesis of polyketides. Recently, we have been interested in 
how the effects of strain might manifest itself in the conductance and functionality of silicon-based 
molecular junctions. As electronic components continue to miniaturize to the point where 
transistor size and structure begin to resemble small molecules, understanding the principles that 
guide charge transport in single molecule junctions will be crucial. Herein, we describe our studies 
on a series of single molecule junctions formed by strained silicon wires. We demonstrate that 
high conductance pathways are accessed for the cis diastereomers of conformationally locked 1,2-
disilaacenaphthenes via a bipodal binding motif which provides a stable electrical contact between 
the Si—Si s bond and the gold electrodes. We then elucidate the mechanism of voltage-induced 
breakdown in silicon-based single molecule junctions. We show that the naphthalene bridge 
provides a parallel conductance pathway to the silicon backbone, altering bond rupture behavior 
of the Si—Si bond. We further investigate the bond rupture mechanism through DFT and 
molecular dynamics calculations and conclude that breakdown occurs by the excitation of 
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Chapter 1. Introduction: Conception and Development of Single Molecule Electronics 
1.1. Introduction 
 The development of modern-age technologies has enabled the acceleration of global 
communication, information storage, and function processing. However, as our electronics 
become more complex and perform at faster speeds, their sizes are also miniaturizing. Chemists, 
physicists, and engineers have recently sought to develop electronic circuitry at the molecular level 
to address the need for miniaturized and functional electronics. In contrast to the standard methods 
of top-down transistor manufacturing from bulk silicon, the field of single molecule electronics 
(SME) designs and synthesizes individual molecules from the bottom-up as the key components 
in electronic circuitry. Researchers in this subfield of nanoelectronics have developed methods for 
studying charge transport in molecular junctions to understand the chemical principles that 
determine conductance. With this knowledge in hand, researchers can finely tune the electronics 
of a molecular wire by varying the structure and atomic composition through chemical synthesis. 
In this chapter, we discuss the challenges facing silicon-based electronics and how chemical 
synthesis of molecular charge transport components might lead to their development as functional 
silicon-based electronics. 
 
1.2. Silicon-based Electronics and Moore’s Law 
 Silicon transistors play a crucial role as the key components in modern information 
technology. Silicon is ubiquitous and can be refined into bulk materials that serve as effective 
semiconductors whose charge transport abilities can be controllably turned “on” and “off” by 
external triggers. Silicon-based devices have been manufactured and refined for years. Bulk silicon 
processors can incorporate other atoms at precise concentrations into the silicon lattice to finely 
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and reliably tune the electronics of the bulk material through n-doping and p-doping processes. 
This changes the band structure of the electronic material enabling highly efficient charge transport 
and switching capabilities, which are key in modern information technology.   
 Transistor size is a crucial component in the design of computer chips. Smaller transistors 
allow manufacturers to fit more of them onto a chip which enables faster, more efficient 
performance. Silicon chip manufacturers have continued to meet the demand of Moore’s Law—
the number of transistors that can fit onto a chip doubles every two years. As of November 2016, 
the current state-of-the-art chips use transistors with a 14 nm gate.1 In October 2016, Samsung 
announced that it has commenced mass production of System-on-Chip products with even smaller 
10 nm gate transistors.2 Intel has promised the mass production of chips using 10 nm gate 
transistors by late 2017.  
 
Figure 1.1. (top) For the past five decades, the number of transistors per microchip has roughly 
doubled every two years, in line with Moore’s law. Transistor count is a common measure of 
integrated circuit complexity and processing power. Manufacturers also increased microchip 
‘clock speed’, or rate of executing instructions, until 2004 when overheating limited clock speeds.  
(bottom) As transistors decreased in size and microchip transistor count increased, new classes of 
machines emerged roughly every ten years. 3 
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However, bulk silicon manufacturers are rapidly approaching the limit to how small these 
silicon-based transistors can be developed by conventional top-down lithographic approaches.3–5 
New methods can certainly be developed for the production of even smaller transistors, but once 
silicon transistors become smaller than 7 nm, they become so physically close together that 
electrons can flow via quantum tunneling.3 As a result, instead of being able to control the on/off 
state of charge transport through the intended logic gate, electrons can uncontrollably flow 
between transistors even when the transistor is in an off state. This makes it impossible to control 
chip charge transport behavior. Researchers have sought to design new kinds of transistor materials 
as a means of circumventing this theoretical limit on Moore’s Law. The world’s smallest transistor 
with a 1 nm gate length was recently developed by researchers at the Lawrence Berkeley National 
Laboratory using molybdenum disulfide as an alternative to silicon which exhibited excellent 
switching behavior and on/off control.6 However, this remarkable result is nowhere near capability 
for processor mass production. Even if these new types of transistors were ready for development, 
mass production of such small transistors could be unfeasibly expensive.7 Earlier this year, the 
Semiconductor Industry Association—made up of Intel, AMD, and Global Foundries among 
others—published their 2015 International Technology Roadmap for Semiconductors and 
suggested that transistors made by state-of-the-art top-down manufacturing processes look set to 
stop shrinking in size altogether by 2021 and that it will not be economically feasible to reduce the 
size of silicon transistors any further.8 
One alternative to top-down manufacturing of bulk materials is the development of silicon-
based electronics from the bottom-up by chemical synthesis. Instead of taking electronics-grade 
silicon ingots and using lithography to cut them down into nanoscale silicon materials, chemical 
synthesis could enable precise atomic design of nanoscale components from individual silicon 
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atoms. Chemical synthesis of silicon-based materials could potentially be much more cost-
effective and circumvent the unfeasibly rising cost of state-of-the-art lithographic processes for 
chip miniaturization. Bottom-up chemical design would also allow chemists to access smaller 
sized silicon components that are unable to be attained through current top-down manufacturing 
processes. The precise structure, size, atomic composition and, ultimately, the electronics of silicon 
materials could be controlled, tuned, and modified via chemical synthesis. In short, individual 
molecules can be designed and synthesized to serve as the active components in electronic 
circuitry. 
 
1.3. Single Molecule Electronics 
Chemistry, engineering, and physics contribute to the field of single-molecule electronics 
(SME), which aims at understanding the principles that guide electron transport and electronic 
processes of individual molecules.9,10 In molecular circuits, individual molecules are chemically 
synthesized with precise size and structure to serve as the key components in charge transport. 
Understanding how the conductance properties of single molecules can be finely tuned, in the same 
way that manufacturers have learned how to tweak the semiconductor properties of bulk silicon 
materials, will be crucial to the ultimate goal of developing them into functional devices.11–14 
 
1.4. Experimental Methods for Studying Single Molecule Electron Transport 
To study charge transport at the molecular scale, researchers designed new experimental 
methods for measuring conductance in single-molecule systems. One of the primary challenges 
faced in developing methods for studying single molecule conductance is the reliable formation of 
junctions containing only a single molecule which allow for the reproducible measurement of 
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conductance through a metal—molecule—metal junction. Several techniques have been 
discovered for measuring conductance in molecular junctions including electron beam 
lithography, nanoparticle array, mechanical break-junction, electromigration break-junction, 
conductive probe atomic force microscopy (C-AFM) and scanning tunneling microscopy break-
junction (STM-BJ).9,15,16 For the purposes of our research, we will discuss the development of the 
STM-BJ technique for measuring charge transport. 
 
 
Figure 1.2. (a) Conductance of an Au—Au contact formed between an Au STM tip and an Au 
substrate, which decreases in step multiples of the quantum of conductance, Go, as the tip is pulled 
away until a single Au atom contact is made. (b) 1D histograms from conductance curves shown 
in A which show conductance peaks at multiples of Go. (c) and (d) If the Au—Au contact is broken 
and a stable Au—bipyridine—Au molecular junction is formed, new conductance features appear 
at values less than Go. (e) and (f) In the absence of a molecular junction, no conductance peaks are 
observed.10 
 
1.5. Scanning Tunneling Microscopy Break-Junction (STM-BJ) 
Weiss and coworkers first described the use of a scanning probe microscopy-based 
technique to measure the conductance of oligo(phenyleneethynylene) (OPE) molecular wires.17 
Reed et al. described shortly after a method for forming molecular junctions in which the single 
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molecule substrate was chemically bound to metal electrodes at both ends.18 This eventually led to 
the development of the STM-BJ technique for measuring single-molecule conductance by Tao and 
Xu (Figure 1.2), seven years after the seminal discoveries of Weiss and Reed.10  
A standard STM-BJ procedure using Au electrodes for measuring conductance proceeds 
thusly (Figure 1.3): the Au STM tip and substrate electrodes are repeatedly jammed in and out of 
contact with each other at ambient conditions and under a finite bias voltage controlled by the 
experimenter. This forms point contacts which repeatedly form and break in a solution of the 
chosen molecule of study. In STM-BJ techniques, the electrode tip is in close proximity to the 
substrate via covalent or donor-acceptor bonds with the substrate anchor but is not in direct 
physical contact. As such, in the STM-BJ method, current occurs through tunneling.10,19,20 The 
current is measured as the STM tip is pushed into and retracted from the gold substrate. Throughout 
this repeated experiment, there will be some instances where the Au—Au point contact is broken 
and aurophilic linker groups on the substrate will bind to undercoordinated gold atoms on the 
electrode to form an Au—molecule—Au junction.21 After the Au—molecule—Au junction is 
formed, the conductance is measured across the junction as a function of tip—substrate 
displacement (Dx). The conductance trace that is obtained as a result of the single-molecule 
junction formed will result in a molecule-dependent plateau signifying junction formation with a 
conductance value below Go (2e2/h), the quantum of conductance describing a single Au—Au 
contact.16 The molecular junction breaks once the tip-substrate electrode gap becomes too wide for 
the molecule to coordinate to both electrodes. This experiment to form and break the single-
molecule junction is repeated thousands of times and the conductance traces of each push/retract 
measurement are compiled and analyzed using logarithm-binned one-dimensional (1D) and two-
dimensional (2D) histograms. 1D histograms provide a distribution of all measured conductance 
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Figure 1.3. Schematic for measuring conductance in a single molecule junction using the STM-
BJ technique. (a to b) A solution of the target molecule (1,4-benzenediamine in 0.1 mM 1,2,4-
trichlorobenzene) is added to an Au substrate. The Au STM tip is brought into contact with the Au 
substrate. (b to c) The tip is retracted until an atomically thin Au wire is formed. The conductance 
of this Au-Au point contact is G0, the unit of conductance for molecular junctions. (c to d) After 
the Au—Au point contact is broken, a molecule in solution may bind to both electrodes with 
aurophilic linker groups to form a stable molecular junction. (d to a) The STM tip is withdrawn 
and the junction is then elongated until it breaks. Conductance is recorded as a function of tip-
substrate electrode displacement. This procedure is then repeated for a statistically significant 
number of times.10,25  
 
 
STM-BJ methods are well suited for recording the conductance of single-molecule 
junctions because the metal—molecule—metal junction can be reliably and repeatedly formed 
under ambient conditions, using a finite applied voltage. The compiled data result in statistically 
significant conductance histograms which minimize variabilities that can occur in single-molecule 
measurements such as changes in junction conformation, configuration of the electrode substrate 
surface, and the orientation by which contact is made between the molecular linker and the metal 
electrode.17,18,26,27 Furthermore, the STM-BJ technique has been further refined to elucidate the 
intricacies of these measurements and how modifications in each component of a single molecule 





a b c d
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how modifications to the metal electrode, anchoring groups used to tether the molecule of study 
to the electrodes, and the molecular backbone—the primary component through which charge 
transport occurs—affect the conductance of a single molecule junction.28 
 
1.6. Organosilane Synthesis and Electronics  
The iterative synthesis of organosilanes is the key enabler to the bottom-up chemical 
synthesis of silicon wires. Kipping et al. first described the synthesis of oligosilanes and cyclic 
silanes in the early 1920’s via a Wurtz reaction to couple dichlorodiphenylsilane into polymeric 
materials.29,30 Burkhard synthesized the first series of permethylated polysilanes a couple decades 
later using a similar sodium-mediated Wurtz-type coupling of dichlorodimethylsilane.31 However, 
the silane products in both procedures were synthesized in very low yields and wide 
polydispersities, making the silanes difficult to characterize. A key discovery in the synthesis of 
oligosilanes was made by Kumada and Tamao who developed a method for the controlled, iterative 
synthesis of peralkyloligosilane chains.32 Modifying the nucleophilic silyl source in these iterative 
couplings from silyl lithiates to silyl magnesates allowed for greater control in reactivity which 
enabled the characterization and controlled synthesis of oligosilanes of precise length, geometry, 
and substituents.33–35 
Having methods for the synthesis of oligosilanes in hand, West et al. synthesized a family 
of polysilanes that were designed as analogs of common hydrocarbons. His research showed that, 
although hydrocarbons do not absorb UV light, the analogous polysilanes strongly absorb UV.36,37 
West et al. also showed that oligosilanes display electronic properties that are more similar to 
conjugated oligoenes than to alkanes—the maximum absorbance (lmax) and extinction coefficient 




Figure 1.4. Ladder C model describing σ conjugation in oligosilanes. The vicinal interaction (βV) 
explains why conjugation in oligosilanes is greatest in Si—Si antiperiplanar conformations.40 
 
The phenomenon of electronic delocalization in oligosilanes is also well-understood. Michl 
and West synthesized a series of linear oligosilanes to study their electronic properties. They found 
that as the oligosilane chain length increased, s-conjugation across the molecule increased. To 
rationalize this, Michl and West devised the ladder C model of linear organosilanes (Figure 1.4).40 
This model suggests that the lowest energy conformation—where the silicon atoms are 
antiperiplanar to one another—confers the highest degree of σ-delocalization in organosilanes.40–
42  
In the early 1990s, researchers began to study the electronic properties of silanes in analogy 
to the already well-understood charge transport properties of silicon bulk materials. The discovery 
that polysilane films can function as hole transport layers ultimately led to the development of 
organic polysilane composites as active components in photovoltaic cells.43–49 The ultraviolet 
luminescenece properties of polysilanes and organosilanes are also well understood.39,47,50–52 
 
1.7. Strained Silanes in Chemical Synthesis 
 The Leighton research group has long been interested in the development of stereoselective 
reactions with relevance to medicinal and natural products chemistry using strained silane Lewis 
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acids. Utimoto et al. demonstrated the allylation of aldehydes by allylsilacyclobutanes, and showed 
that the analogous acyclic allylsilane is unreactive.53 Allylsilacyclobutane is Lewis acidic at silicon 
as a result of being constrained in a 4-membered ring. This ‘strain release Lewis acidity’54 has been 
exploited by the Leighton group in organic methodology development including the 
allylation/crotylation of aldehydes and ketones using 5-membered pseudoephedrine and diamine 
silacycles as well as highly enantioselective Pictet-Spengler and Aza Diels-Alder reactions (Figure 
1.5).55,56 
 
Figure 1.5. Two examples of novel asymmetric chemistry enabled by strained Lewis acid silanes. 
An asymmetric Pictet-Spengler reaction (left)55 and a highly enantioselective one-pot 
allylation/crotylation of aldehydes (right)56. 
 
 
While the Leighton group’s research interests have primarily been in synthesis 
methodology development and the total synthesis of polyketide natural products, we were 
interested in understanding how the chemical phenomenon of strained silane Lewis acidity might 
manifest itself in the charge transport properties of single-molecule circuits. I initially sought to 
synthesize a series of strained cyclic disilanes and characterize their conductance properties. The 
results of these studies are described in Chapter 2.57 The results of this research then led us in the 
pursuit to understand the failure mechanism of breakdown in single-molecule circuits. The results 




1.8. Sigma Complexes in Coordination Chemistry 
 Sigma (s) complexes have garnered the attention of inorganic and synthetic chemists since 
they were first discovered in the 1960s and 1970s.58 In a s complex, a transition metal atom binds 
to an X—Y (where X and Y = H, C, Si, etc.) group in a manner where the X—Y s-bonding 
electron pair acts as a 2e donor without splitting. Originally envisioned as a transient species, s 
complexes are now recognized as key intermediates in oxidative addition, reductive elimination, 
olefin insertion, and C—H activation chemistry.59 
The bonding nature of s complexes (M-(XY)) can be envisioned as follows (Figure 1.6): 
a filled s orbital of the X—Y ligand donates to an empty ds orbital of the metal atom. At the same 
time, the filled dp orbital of the metal can back-donate electron density to the s* orbital of the X—
Y ligand to strengthen the interaction of the s complex. This forms a closed three center, two-
electron structure. In a classic s complex, there is an ideal balance between bonding and 
backbonding. However, if backbonding in a s complex is too strong, the X—Y bond can be 
heterolytically cleaved resulting in an oxidative addition product. Thus, in an ideal s complex, the 
length of the X—Y bond is close to the length of the uncomplexed X—Y bond. For the X—Y 
group to form a complex, the metal center must be coordinatively unsaturated in order to accept 
the s bond. This will be important to the implication of a Si—Si s complex in Chapter 2. 
The structure of a s complex is strongly determined by the nature of the X—Y ligand. 
Higher energy X—Y s orbitals lead to greater XY(s)—d(s)  bonding while lower lying X—Y s* 
orbitals lead to greater M(dp)—XY(s*) backbonding.58 Steric effects can also prevent the 
formation of s complexes, especially in agostic interactions crucial to C—H activation. If an X—
Y bond is to weakly bound to form a s complex, the metal center and X—Y ligand can be delivered 
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to each other intramolecularly to reach the transition state necessary for s complexation. This 
delivery method strategy is commonly used in the formation of M-(CH) complexes, where the C—
H bond is too hindered and the filled s orbital is too low lying in energy.60–62 
 
Figure 1.6. Bonding scheme for a s complex for a given metal (M) and a given s bond (X—Y, 
where X and Y = H, C, Si). Two bonding interactions influence s complex formation. (a) The 
electrons of the filled X—Y bonding orbital donate to an empty metal ds orbital; X—Ys ® Auds. 
(b) Electron density from the filled metal dp orbital back-donates to the empty X—Y s* orbital; 
Audp ® X—Ys*. (c) A s complex can form between a metal center and an X—Y s bond resulting 
in a three center, two-electron bond (i). However, if the backbonding interaction is too strong, that 
can lead to X—Y bond cleavage which affords an oxidative addition product (ii). 
 
Silane s complexes are the second largest class of s complexes behind H2 s complex 
systems.63,64 Si—H bonds have higher energy s bonds than C—H bonds because of their increased 
basicity. Si—H s* orbitals are also lower in energy than C—H s* bonds because the Si—H bond 
is weaker. Thus, silanes are better s donors and p backbonding acceptors than alkanes. A vast 
number of Si—H s complexes have been characterized across the transition metals,63 but very few 
examples of Si—Si s complexes have been reported.65–68 This is likely due to the fact that 























s bond does not readily permit orbital overlap with the metal center.69 Recently however, a 
crystalline s complex was obtained showing coordination of a Si—Si s bond to copper (Figure 
1.7). s complexation occurred upon delivery of the copper metal center to the disilane by the 
diphosphine arms of the molecule.70 Interestingly, the analogous coordination reaction with silver 
chloride afforded a complex in which the Si—Si s bond was not bound to silver. When an Au(I) 
species was reacted with the same disilane-diphosphine tether, the disilane was found to not form 
a s complex but instead oxidative add across the Au metal center to form a bis(silyl) Au(III) 
complex.71,72 Although Si—Si s complexes are more difficult to form than their Si—H 
counterparts, they might play a role in the molecular conductance of silicon wires given the Au 
electrodes used are undercoordinated and form single metal atom contacts. This will be discussed 
in further detail in Chapter 2.  
 
 
Figure 1.7. A crystallized complex involving a disilane and copper. X-ray diffraction analysis and 
NMR studies evidenced the coordination of the Si—Si s bond to the Cu(I) center via s 
complexation.70,72,73 
 
1.9. Preliminary Results: Conductance in Permethyloligosilanes with Thioanisole Linkers  
Molecular conductance has been studied extensively in single-molecule systems. Charge 
transport in p-conjugated molecular wires like oligoenes, oligoynes, oligophenylenes, and OPAs 
is precedented and well-understood, but it was until only recently that s-conjugated oligosilane 
conductance was explored. Previously, Ratner and coworkers had computationally studied charge 
Si Si
PPh2 Ph2P





transport in single-molecule silane junctions.74  
 
 
Figure 1.8. (a) Synthesis and molecular structures of PhSMe-capped oligosilanes Sin. (b) 1D 
conductance histograms for compounds Sin=1-5. (c) Conductance peak values of molecular junctions 
for PhSMe-capped oligosilanes, Sin (black), and PhSMe-capped alkanes (red) as functions of the 
effective molecular length (L, in Å), defined as the distance between the carbons para to the 
methylthio substituents. The measured decay constants b were 0.27 ± 0.01 Å-1 for Sin and 0.68 ± 
0.05 Å-1 for Cn.75 
 
Klausen and coworkers in the Nuckolls and Venkataraman research groups sought to 
experimentally measure the conductance of oligosilanes in single-molecule junctions (Figure 
1.8).75 Klausen iteratively synthesized a series of permethylated oligosilanes (—[SiMe2]n—)  with 
thioanisole (—PhSMe) anchoring groups where n = 1-6 and the conductance of these oligosilanes 
was measured using a STM-BJ technique. A broad conductance peak was observed in the 1D and 
2D histograms for each silane, with conductance decreasing with increasing silane chain length. 
Upon plotting the conductance peak positions against the effective length of the silane backbone, 
the measured decay constant for permethylated oligosilanes was found to be b = 0.27 Å-1. The 
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experimentally determined shallow decay value differed drastically from alkane analogues (b = 
0.68 Å-1) and compared favorably to those observed for conjugated oligoenes (b = 0.17-0.27 Å-
1).23,76,77 These results demonstrated that Si—Si bond backbones are effective materials for charge 
transport and that s-bond conjugation is key in the conductance of oligosilane single molecule 
junctions.  
 
1.10. Preliminary Results: Conductance and Switching Functionality in Silacyclobutanes 
 The anchor groups in SME experiments, which are responsible for mechanically and 
electronically connecting the molecular bridge to the metal electrode, are typically installed at the 
end of the molecular wire. Thiol, amino, cyano, carboxy acid, phosphino, isocyano, and 
methylsulfide groups are classic covalent and dative (donor-acceptor) anchors in single-molecule 
conductance measurements.78–82 It has previously been demonstrated that different structures 
within a molecule can also serve as mechanical and electronic anchors.76,83 In particular, the work 
of Su et al. demonstrated that phenylmethylsulfides can serve as a mechanical anchor while a ring-
strained silacyclobutane forms the electrical anchor to the gold electrode. This novel anchoring 
feature enables a high conductance pathway through the molecular backbone.83  
  Dithioanisole silacyclobutane (Figure 1.9) was synthesized by Su et al. with 
phenylmethylsulfide anchoring groups. STM-BJ measurements of this molecule showed two 
distinct conductance states that differ by an order of magnitude. The junction elongation lengths 
of the two conductance states suggest that the low G state corresponds to a sulfur-to-sulfur pathway 
while the high G state corresponds to a sulfur-to-silacycle pathway. The high G pathway, in which 
there is a direct Au—silacycle contact, is enabled by constraining the silicon atom of the molecular 
wire within a four-membered ring. The permethylated acyclic variant and silacyclopentane 
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analogue of dithioanisole silacyclobutane only exhibit a low G conductance feature while removal 
of one of the thioanisole (PhSMe) anchors shows no conductive junction. This suggests that the 
Au—silacycle dative interaction is weak and that the secondary Au—SMe contact is necessary to 
organize the silacycle onto the Au substrate. Additionally, the conductance pathways can be 
controllably switched between the high G state and low G state by altering the tip—substrate 
distance. This work demonstrated the first example of strained silane gold contacts in single-
molecule conductance measurements. The work described in Chapter 2 utilizes these two findings 
from Klausen et al. and Su et al. to design molecular junctions in which a stable electrical contact 
is formed between the Si—Si s bond of a conformationally locked disilane and the Au electrode 
via a bipodal binding framework. This electrical contact is evidenced as being a Au metal to Si—
Si bond s complex.  
 
 
Figure 1.9. Schematic illustrating the origins of high and low G states and the nature of 
conductance switching. (a) In dilute solutions, a methylsulfide not involved in conductance 
organized the Au—silacycle contact by serving as a mechanical anchor. (b) In concentrated 
solutions, the gold surface is concentrated with stronger binding methylsulfides, displacing the 
weaker Au—silacycle contact. (c) High-G to low-G switching upon junction elongation.83 
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1.11. Preliminary Results: Electric Field Breakdown in Molecular Junctions 
 Li et al. recently established a new method for studying the phenomenon of electric field 
breakdown in single molecule junctions.84 Using a scanning tunneling microscope-based break-
junction method, the rupture of various single bonds commonly found in semiconductor 
materials—including Si—Si, C—C, Si—C, Si—O, and Ge—Ge bonds—was studied. Acyclic 
molecular wires were synthesized with various aurophilic anchor groups to study how the 
backbone composition and linker groups affect rupture in single molecule junctions. Covalent S—
Au bonds, formed using thiol (–SH) anchoring groups, are robust and do not demonstrate high 
voltage bias dependent rupture. Molecular junctions using dative contacts formed by 
methylsulfide, phosphino, or amino anchoring groups rupture more frequently and their rupture is 
voltage bias dependent. 
 Having examined the effect of anchoring groups in this new STM-BJ method, molecular 
wires of varying atomic compositions were synthesized with –SH anchors. Junctions formed with 
backbones containing Si—Si and Ge—Ge bonds demonstrated rupture probability that increased 
significantly above ~1 V while backbones containing Si—C bonds demonstrate higher 
probabilities of sustaining junction even at the highest voltage biases. These results indicate 
voltage-induced rupture of Si—Si and Ge—Ge bonds in single molecule junctions. However, the 
preliminary results do not rule out bond breakage at other locations along the bridge, including at 
the substituents of the molecular wire. The work described in Chapter 3 provides unambiguous 
evidence for bond rupture at the Si—Si bond and leads to a fundamental study of the breakdown 





1.12. Summary and Perspective  
 The emergence of the field of single molecule electronics has accelerated the 
miniaturization of electrical components beyond the limits currently achievable for top-down 
manufacturing of bulk silicon. As the SME field has transitioned from conception to form and 
function, methods for studying molecular junctions have been developed and refined. The advent 
of these techniques has enabled new discoveries that contribute to the field’s understanding of how 
the individual components of molecular wires affect charge transport. SME researchers have used 
chemical principles to predict and logically design function in molecular junctions and chemists 
have enabled the realization of miniaturized circuits through iterative synthesis.  
In the following chapters, we will show the synthesis of a series of cyclic disilanes and 
discuss the conductance characteristics of these materials in single-molecule junctions. Chapter 2 
describes a highly conducting electronic contact between a strained naphthyl disilane and Au. This 
high-conductance pathway was accessed via a novel bipodal binding motif where two sulfide 
anchors bind to the Au substrate, providing enough stability for a stable electrical contact between 
the strained Si—Si s and the other Au electrode. We will then discuss the conductance switching 
function of these materials and show that the switching characteristics differ between cis and trans 
diastereomers of the same molecular wire. Chapter 3 will discuss the electric field breakdown of 
single-molecule junctions in naphthyl silacycles. Si—Si bond rupture occurs in these strained 
silacycles linearly with increasing bias voltage. This differs from the breakdown of the analogous 
acyclic single-molecule junctions which occurs only at high bias voltage. The experimental and 
theoretical elucidation of the mechanism of Si—Si bond rupture will be discussed. We will 
describe how these results together suggest that electric field breakdown in oligosilane single 
molecule junctions occurs by excitation of vibrational energy modes via electron tunneling. 
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The design of molecular wires is becoming more complex in size, structure, composition, 
and geometry. Emboldened by our understanding of molecular junctions, the SME field is now 
positioned to develop single molecule circuitry with specific form and function. As our 
understanding of charge transport in single molecule junctions grow, we may soon begin another 
transition from conception to function to production. 
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Chapter 2. High-Conductance Pathways in Ring-Strained Disilanes by Way of Direct s-




 This chapter is based on a manuscript entitled “High-Conductance Pathways in Ring-
Strained Disilanes by Way of Direct s-Si—Si to Au Coordination” by Nathaniel T. Kim, Haixing 
Li, Latha Venkataraman, and James L. Leighton published in the Journal of the American 
Chemical Society.1 All compounds were synthesized and characterized by myself. All single-
molecule conductance measurements and theoretical calculations were performed by Haixing Li 
in Prof. Latha Venkataraman’s research group. We thank our colleagues Dr. Timothy A. Su, 




As researchers pursue the continued miniaturization of silicon devices via bottom-up 
chemical synthesis, understanding the molecular and electronic structure-conductivity relationship 
as well as the nature of the interaction between anchor groups and electrodes in single molecule 
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junctions is essential.2 Demonstrating the effects of strain in molecular wires will also be crucial 
in the design of molecular circuitry. Confining silanes within a 4—  or 5—membered ring 
introduces strain Lewis acidity at the silicon center and enables various synthetic transformations 
including aldehyde allylation/crotylation and complex fragment coupling methodologies that 
otherwise do not occur with unstrained silanes.3–7 Similarly, incorporating strain in silicon 
molecular wires should alter the charge transport properties of single-molecule junctions.  
To that effect, Klausen et al. demonstrated that Si—Si bonds are effective materials for 
charge transport.8 A couple years later, her co-workers and our collaborators, Su et al, showed the 
controllable switching of high and low conductance pathways in silacyclobutanes.9 The strained 
silane enables a high conductance pathway in which the Au tip datively interacts with the silacycle 
Si—C bond which is otherwise not observed in the analogous acyclic silane. 
Inspired by the efforts of our collaborators, this work seeks to further explore silacycle—
electrode interactions and the effects ring strain has on the charge transport properties of silicon 
wires in single molecule junctions. We examined the conductance properties of cis/trans 
diastereomers of sulfide-anchor-equipped 1,2-disilaacenapthenes and demonstrated a novel 
bipodal anchoring motif that enables strained high-energy Si—Si s bonds to form stable donor-
acceptor contacts with the Au electrode. These conformationally locked silicon wires exhibit 
different conductance switching patterns depending on the stereochemistry of the sulfide anchor 
groups about the silicon backbone. 
 
2.3. Molecular Wire Design 
 We designed our disilane wires by constraining the molecules within a five-membered ring 
to form 1,2-disilaacenaphthenes. This 1,2-disilaacenaphthene system performs several functions. 
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First, the angle strain at the silicon atoms raises the energy of the Si—Si s bond and lowers the 
energy of the Si—Si s* orbital without any measureable changes to the length of the Si—Si bond. 
Second, the naphthyl substituent conformationally locks the disilane backbone and allows us to 
study the effects of the stereochemistry of molecular wires on conductance. Lastly, the angle strain 
of the 1,2-disilaacenaphthene system splays the methyl and anchor substituents on each silicon 
away from tetrahedral geometry. This will be crucial to the discovery of a high conductance 
pathway in which the undercoordinated Au forms a contact to the Si—Si bond via a s complex.10–
12 
 
Figure 2.1. Synthesis of thioanisole-terminated 1,2-disilaacenaphthenes 1 (trans) and 2 (cis). 
 
 
Bis(thioanisole)-substituted 1,2-disilaacenapthenes 1 (trans) and 2 (cis) were synthesized 
from 1,8-dibromonaphthalene, 1,1,2,2-tetrachloro-1,2-dimethyldisilane, and 4-
(methylthio)phenyllithium (generated from 4-bromothioanisole and n-butyllithium) by adapting 
known procedures as a mixture of diastereomers in moderate yield as shown in (Figure 2.1).13,14 1 
and 2 were isolated as pure diastereomers by purification on preparative HPLC. We were unable 
to grow single crystals of either 1,2-disilacenaphthene diastereomer, but their structures were 
calculated using density functional theory (DFT) calculations (Figure 2.2). DFT calculations were 
carried out with Jaguar (version 8.6, Schrodinger, LLC, New York, NY, 2014) using a B3LYP 
functional for both 1 and 2 and a 6-31G** basis set for all atoms. No specific geometric constraints 
Br Br 1. Si2Cl4Me2, n-BuLi

















were applied in these calculations. In contrast to acenaphthene, which exhibits angle strain at the 
peri 1 and 8 carbons of the naphthalene, the length of the Si—Si bond is very close to the distance 
between the 1 and 8 positions and similar to the distance of hexamethyldisilane (2.35 and 2.29 Å 
for 1 and 2, respectively). This results in angle strain at the silicon atoms (C(Np)—Si—Si bond 
angles = 92° for 1 and 2). 
 
Figure 2.2. Thioanisole-terminated 1,2-disilaacenaphthenes 1 (trans) and 2 (cis) and their DFT-




2.4. STM-BJ Conductance Analysis 
 
 The conductance properties of disilanes 1 and 2 were measured using a scanning tunneling 
microscope-based break-junction (STM-BJ) technique.8,15,16 Solutions of the target molecules were 
measured at 0.1 mM concentration in 1,2,4-trichlorobenzene. A more detailed explanation of the 
STM-BJ experimental setup is provided in Chapter 2.9. 
The trans diastereomer 1 showed a single low-conductance (low-G) peak at 4.0 x 10-5 G0 
while the cis diastereomer 2 showed two conductance states, a prominent high-conductance (high-
G) peak at 1.4 x 10-3 G0 and a less prominent low-G peak at 1.9 x 10-5 G0 (Figure 2.3). It is well 
precedented that junction elongation length determined from the 2D histogram conductance trace 
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of a single-molecule circuit correlates strongly with the molecular backbone length.17 The low-G 
junction for 1 can sustain a ~0.7 nm elongation while the low-G conductance state for 2 can sustain 
a ~0.5 nm elongation. The junction elongation lengths for each low-G peak in 1 and 2 suggest that 
the low-G conductance state can be readily attributed to the sulfur-to-sulfur pathway in both 
diastereomers (Figure 2.4a).  
 
Figure 2.3. 1D and 2D conductance histograms generated from 13,500 and 20,000 conductance 
traces measured at an applied voltages of 225 mV for 0.1 mM solutions of (a) trans disilane 1 and 
(b) cis disilane 2. 
 
  
The origin of the prominent high G state of 2 was less immediately clear. The shorter 
junction displacement length (~0.4 nm) associated with the high-G band suggests a conduction 
pathway from one of the sulfide anchors to the silacycle. However, a binding arrangement where 
the non-conducting PhSMe linker serves as a mechanical anchor on the silacycle-contacting Au 
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substrate similar to that of the silacyclobutane9 was difficult to imagine given the ~4° dihedral 
angle of both thioanisole groups about the Si—Si bond. Instead, one could rationalize the high G 
state of 2 by a rigid coplanar binding arrangement where both thionanisole sulfurs bind to the gold 
substrate in a bipodal fashion, exposing the strained high-energy Si—Si s bond to datively contact 
with the other gold electrode (Figure 2.4b). Such a bipodal binding arrangement would be expected 
to greatly reduce the entropic cost associated with sustaining a weak Au to Si—Si contact and is 
only possible with in the single-molecule junctions formed with the cis diastereomer 2 and not the 
trans diastereomer 1. Additionally, secondary van der Waals interactions between the Au electrode 
and the naphthyl group and/or methyl group substituents could provide additional stability to the 
formation of the Si—Si s bond to Au contact.18  
 
Figure 2.4. Junction arrangements for the two conductance states for 2. (a) Low-G conductance 
attributed to sulfur-to-sulfur junction. (b) High-G conductance attributed to bipodal binding of 
both thioanisole anchor groups to one Au electrode and the other Au electrode making direct 




2.5. New Framework of Bipodal Binding Arrangements to Gold 
 We sought to further elucidate the nature of the naphthyl silacycle—electrode contact and 
synthesized disilaacenaphthenes 3 (trans) and 4 (cis) (Figure 2.5). The structures of 3 and 4 differ 
from 1 and 2 only in that one of the PhSMe linkers from 1 and 2 is extended with a methylene 
group to form a –C6H4CH2SCH3 anchor group (PhCH2SMe).  
 
 
Figure 2.5. Synthesis of thioanisole-terminated 1,2-disilaacenaphthenes 3 (trans) and 4 (cis). 
 
 
Interestingly, whereas trans 1 only shows a low-G conductance state, the 1D histogram for 
trans 3 revealed two conductance bands, a low-G peak at 1.6 x 10-5 G0 and a high-G peak at 3.5 x 
10-4 G0. Cis 4 also exhibits two similar conductance states, a low-G conductance peak at 1.8 x 10-
5 G0 and a high-G peak at 3.4 x 10-4 G0 (Figure 2.6). The displacement values of the low-G peaks 
obtained from the 2D histograms of 3 (~0.8 nm) and 4 (~0.6 nm) are consistent with the sulfur-to-
sulfur charge conductance, as the low-G peaks for each diastereomer would be expected to be ~0.1 
nm longer than the corresponding values for 1 and 2 due to the addition of a methylene group. 
Additionally, the displacement values obtained for the high-G peaks of 3 and 4 are both ~0.4 nm 
which is consistent that the high-G conductance states for both diastereomers are associated with 
a silacycle-to-sulfide pathway. 
Br Br
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Figure 2.6. 1D and 2D conductance histograms for (a) trans disilane 3 and (b) cis disilane 4 





Given these results, we can rationalize the single-molecule junction binding arrangements 
required in the high-G conductance states for 3 and 4. Figure 2.7a illustrates the binding 
arrangement for 3 in which the non-conducting alkyl sulfide serves as a mechanical anchor 
similarly to the high-G conformation of the silacyclobutane 5 from Su et al.9 Cis isomer 4 binds in 
a bipodal binding arrangement similarly to 2, where conduction proceeds primarily through the 
thioanisole group. The drop in the high-G to low-G conductance ratio of 4 relative to 2 can also be 
explained given this framework—the additional methylene group of 4 would be expected to 
increase the entropic cost of maintaining the weak Si—Si to Au dative contact (Figure 2.7b). 
Interestingly, upon measuring the conductance of 4 over 26,000 traces, it was found that the first 
16,000 traces showed mainly the high-G peak while the last 10,000 traces showed primarily the 
low-G peak (Figure 2.6b). This change in conductance traces obtained over time has previously 
been observed and is attributed to changing concentration of the target molecule as a result of 
1,2,4-trichlorobenzene evaporating over the time scale of the conductance measurements (5-10 
hrs). This observed concentration dependence on the high-G to low-G conductance ratios for 4 is 
consistent with the proposed binding framework. The alkyl sulfide anchor binds more strongly to 
the gold substrate than the weakly binding Si—Si s bond. As the STM-BJ forms junctions with 
the target molecule at higher concentrations, the surfaces of the gold electrodes are saturated with 
alkyl sulfides, leaving no available undercoordinated Au sites for the Si—Si s bond to datively 




Figure 2.7. (a) Junction binding model for the high-G state of 3, enabled by mechanical anchoring 
by the alkyl sulfide stabilizing the weak Si—Si to Au contact. (b) Junction binding model for the 
high-G state of 4, a bipodal binding arrangement where both sulfides contact to one electrode 
stabilizing the weak coupling of the Si—Si bond to the other gold electrode. (c) Junction binding 
model for silacyclobutane 5, a similar mechanical anchoring conformation as 3.9 
  
We also measured disilaacenaphthenes 6 (trans) and 7 (cis) in which the para-thioanisole 
anchors were substituted with meta-thioanisole anchors (Figure 2.8). Neither of these molecules 
showed low-G or high-G conductance features in the 1D and 2D histograms, suggesting that both 
low-G sulfur-to-sulfur and high-G silacycle-to-sulfur charge transport occurs through the p-system 
(Figure 2.20). Substitution of one of the PhSMe linkers with a phenyl (8) or methyl group (9) 
absent of any anchoring group also results in the removal of any conductance features (Figure 2.21 
and 2.22). 
 
















 Finally, the magnitudes of the high-G conductance peaks for 3 and 4 (3.5 x 10-4 G0 and 3.4 
x 10-4 G0) are nearly identical, but significantly smaller than that of the high-G peak for 2 (1.4 x 
10-3 G0). Interestingly, upon the use of two PhSMe anchors, the conductance of 2 is ~4 times greater 
than 3 and 4. These results are consistent with the proposed high-G binding frameworks—3 and 4 
conduct exclusively through a single Si—PhSMe pathway while 2 conducts through two such 
pathways in parallel. Breslow, Venkataraman, and Hybertsen have previously shown that 
magnitude of conductance through parallel channels can be greater than twice that of the 
corresponding single-component conduit.19 However, it is important to note that constructive 
interference may not be applicable in the high-G conductance model proposed herein for 2 since 
the conducting pathways do not begin at the same point. 
 
2.6. Rationalizing Si—Si to Au Contact 
 Having experimentally demonstrated the primary electrical contact and junction 
geometries for the high-G binding modes of 2, 3, and 4, we sought to further understand the nature 
of the Si—Si to Au contact. Two possible assumptions can be made that determine how the high-
G electrical contact is rationalized. The first possible assumption is that there is a discrete energy 
minima associated with the Au-(Si—Si) s complex which has an energy barrier towards the 
oxidative addition species. The second possible assumption is that there is no discrete energy 
minima associated with the Au-(Si—Si) s complex and that an energy minima exists for separate 
disilane and Au and a minima exists for the oxidative addition species. If the second presumption 
was the case, it would be reasoned that the high-G binding mode observed during the timescale of 
the STM-BJ experiment lies somewhere along the reaction pathway from separate disilane and Au 
to complete oxidative addition.  In light of our results and the recent report by Bourissou of an 
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isolated s complex involving copper to a disilane, we presume that there is a discrete energy 
minima associated with the Au-(Si—Si) s complex.10–12 
As discussed in Chapter 1.8, s complexes have garnered the attention of inorganic and 
synthetic chemists and are implicated as key intermediates in oxidative addition, reductive 
elimination, and C—H activation chemistry. Many s complexes of molecular hydrogen and 
hydrosilanes have been characterized.20–24 However, very few examples of s complexes involving 
Si—Si bonds have been reported.25–28 This is likely due to the fact that permethylated disilanes are 
too sterically hindered for the metal center to contact with the Si—Si bond and that the 
directionality and length of the Si—Si s bond does not readily permit orbital overlap with the 
metal center.29  
Given the design of our 1,2-disilaacenaphthenes, we believe that the high conductance 
pathways demonstrated herein are enabled by the formation of an Au-(Si—Si) s complex. The 
angle strain in the disilane raises the energy of the filled Si—Si s orbital and lowers the energy of 
the empty Si—Si s* orbital. The 92° angle strain also splays out the naphthyl, methyl and 
thioanisole substituents resulting in a conformation where the Si—Si bond is exposed and able to 
be readily accessed by a metal center. Molecular junctions in the STM-BJ technique are understood 
to be formed by the binding of aurophilic mechanical anchoring groups to undercoordinated Au 
atoms. Si—Si filled s orbitals should also be able to serve in a similar capacity as electrical anchors 
to undercoordinated Au. The bipodal thioanisole anchors lower the entropic barrier, enabling the 
formation of this otherwise weakly binding dative interaction. 
We might rationalize the bonding interactions to this s complex as follows where we have 
removed the naphthyl and methyl substituents from 2 on each silicon and assumed a singular Au 
atom metal center for clarity (Figure 2.9). As the Au—Au contact is broken in the STM-BJ 
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technique, the 1,2-disilaacenaphthene can form a junction with the undercoordinated Au either at 
both sulfurs to form the low conductance pathway or between one sulfur and the Si—Si bond. If 
we take the second instance, the filled Si—Si s bond is in phase and correct orientation to donate 
into the empty ds orbital of the undercoordinated Au metal center. At the same time this s donation 
occurs, the filled Au dp orbital can back-donate into the empty Si—Si s* orbital (Figure 2.10). 
Both bonding interactions, which are key to s complex formation, are enhanced by the angle strain 
of the disilane which raises the Si—Si s orbital (enhancing s donation) and lowers the Si—Si s* 
orbital (enhancing backbonding).  
However, one rebuttal to the proposed backbonding interaction is that the length of the 
Si—Si bond in 2 (2.29 Å) is much longer than the van der Waals radius of the singular gold atom 
(1.66 Å) and, thus, too long for back-donation to viably occur. To this effect, Takagi et al. 
computationally studied a Y-shaped structure of a three-coordinate Pt and Si—Si s complex where 
the Si—Si bond is distorted toward the metal center as a “snapshot” toward the oxidative addition 
of disilane. This distorted Si—Si bond geometry would result in weaker bonding, but stronger 
back-bonding to the inner lobes of the Si—Si s* orbital rather than the outer lobes.25 Given that 
the gold electrode retracts away from the Si—Si bond electrical anchor in the STM-BJ 
experiments, this back-bonding contribution is plausible given the length of the Si—Si bond and 





Figure 2.9. Bonding scheme for s complex formation in conformationally locked 1,2-
disilaacenaphthenes with an Au electrode. The electrons of the energy-raised Si—Si s bond are 






Figure 2.10. Bonding scheme for s complex formation in conformationally locked 1,2-
disilaacenaphthenes with an Au electrode. Electron density from the filled Au dp orbital back-












Figure 2.11. Bonding scheme for s complex formation in conformationally locked 1,2-
disilaacenaphthenes with an Au electrode. The filled Au dp and thioanisole p-system are all in 
phase and aligned with another to donate into the empty s* orbital of the Si—Si bond. 
 
We might also use orbital diagrams to rationalize why high and low-conductance is 
exhibited when para-thioanisole groups are used as the anchors and no conductance is measured 
using meta-thioanisole anchoring groups. This experimental result suggests that low-G sulfur-to-
sulfur and high-G silacycle-to-sulfur conductance both occur through the p-system. The low-G 
pathway is easy to envision where each sulfur binds to an Au electrode and charge transport occurs 
through the p-system of one thioanisole ring, through the Si—Si bond, and back through the p-
system of the other thioanisole ring. The s complex formed with the Au to Si—Si contact may be 
implicated in the high conductance pathway observed for 2 (Figure 2.11). The filled Au dp orbital 
can back-donate into the empty Si—Si s* orbital which are in phase with one another. At the same 
time, the p-system of each thioanisole ring (~4° dihedral angle of the thioanisole groups around 
the Si—Si bond) is also in phase with the Si—Si s* orbital and can also donate into the Si—Si s* 
orbital. These three orbital features are all in alignment for interaction with one another which may 







1,2-disilaacenaphthenes. Given the experimental results, we rationalize the high-conductance 
pathway in ring-strained 1,2-disilaacenaphthenes as enabled by the formation of a stable s 
complex contact between the undercoordinated Au metal electrode and the Si—Si s bond. DFT 
and NBO calculations could further elucidate the nature of this Si—Si to Au contact in the high-
G binding modes of 2, 3, and 4. 
 
2.7. Switching Behavior of Disilaacenapthene Molecular Wires 
 We also examined the conductance switching characteristics of 2, 3, and 4 upon junction 
elongation. We used a modified ramp in which the high-G junction was established and then 
elongated by 0.2 nm (the different in junction elongation lengths between the high-G state and 
low-G state in all three compounds). We then analyzed the impact of elongation on the junction 
conductance in large data set of 3000 to 6000 traces. A more detailed experimental setup and 
illustration is given in Chapter 2.11 and Figure 2.12 shows the results of the conductance switching 
elongation experiment. 
Molecule Pull distance High-to-Low High-to-High High-to-break 
cis 2 (0.1 nm) 29% 38% 33% 
cis 2  (0.2 nm) 37% 11% 54% 
trans 3  (0.2 nm) 65% 26% 9% 
cis 4 (0.2 nm) 37% 23% 40% 
59 (0.2 nm) 65% 12% 23% 
Figure 2.12. Switching percentages for molecules 2-5 in the push-pull experiments. 
 
 For cis compounds 2 and 4, conductance switching from the high-G state to low-G state 
was observed in 35% and 37% of the traces, respectively, while the high-G junction was either 
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maintained (11% and 23%) or broken (54% and 40%) in a majority of traces upon junction 
elongation. Conversely, trans compound 3 showed high-G to low-G switching in 65% of the 




Figure 2.13. Junction reorientation involved in high-G to low-G switching for (a) trans 3 and (b) 
































 The energetic cost of high-G to low-G switching in single-molecule junctions formed with 
3 would be expected to be small since the mechanically anchoring sulfide can be easily pulled out 
across the gold substrate surface, breaking the weak Au—silacycle contact, and forming the more 
stable low G sulfur-to-sulfur conformer (Figure 2.13a). In contrast, provided the proposed bipodal 
binding framework, the energetic cost of high-G to low-G switching would be expected to be 
significantly greater for 2 and 4 because reorienting the junction from the sulfur-to-sulfur 
arrangement to the silacycle-to-sulfur arrangement requires breaking of a PhSMe—Au contact 
(much stronger than a Si—Si s bond to Au contact) and a significant degree of molecular rotation 
to the correct binding geometry (Figure 2.13b). The conductance switching data for 2, 3, and 4 are 




 The results detailed in this chapter provide clear evidence of direct silicon to Au contact in 
single-molecule junctions. Moreover, it demonstrates a novel bipodal binding arrangement in 
conformationally locked cis disilacenaphthenes that enables the formation of high conductance 
pathways in which two sulfide anchors bind to the gold substrate, overcoming the entropic barrier 
to forming a stable electrical contact between Si—Si s bond and an Au electrode which we believe 
that contact as being a s complex. Our studies illustrate the electronic and mechanical effects 
introducing strain in silicon wires can produce in molecular junctions. 
 
2.9. STM-BJ Experiment Details1 
We measured the conductance of single molecules bound to gold electrodes using a home-
built modified Scanning Tunneling Microscope (STM). We used a 0.25 mm diameter gold wire 
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(99.998%, Alfa Aesar) as the STM tip and a gold-coated (99.999%, Alfa Aesar) mica surface as 
the substrate. A commercially available single-axis piezoelectric positioner (Nano-P15, Mad City 
Labs) was used to achieve sub-angstrom level control of the tip-substrate distance. The STM was 
controlled using a custom written program in IgorPro (Wavemetrics, Inc.) and operated in ambient 
conditions at room temperature. The gold substrate was cleaned using UV/Ozone for 15 minutes 
prior to use. For each measurement, 1000 traces were first collected prior to adding molecular 
solutions to ensure that the gold was clean. Solutions of the target molecules at 0.1 mM 
concentration in 1,2,4-trichlorobenzene (Alfa Aesar, > 99% purity) were added to the substrate for 
molecular conductance measurements. The applied bias was 225 mV, and the substrate was 
displaced at a spee0d of 19 nm/s for all measurements. The current and voltage data were acquired 
at 40 kHz. For each molecule, we collected over 10,000 traces to create 1D and 2D conductance 
histograms (Figure 2 and 4 in the manuscript) without data selection. 
 
 
2.10. Table of Conductances1 
 LowG (G0) HighG (G0) 
trans 1 4.0 × 10-5  
cis 2 1.9 × 10-5 1.4 × 10-3 
trans 3 1.6 × 10-5 3.5 × 10-4 
cis 4 1.8 × 10-5 3.4 × 10-4 
59 4.0 x 10-5 4.2 x 10-4 





2.11. Elongation and Compression Experiments1 
	
Figure 2.15. Piezo displacement plotted versus time for the push-pull experiment. We elongate 
the molecular junction, hold the junction in place for 0.05 s, first stretch the electrodes by 2 Å (or 
1 Å), hold the junction at this new displacement for another 0.1 s, next compress the electrodes by 





Figure 2.16. 2D histograms constructed from the measured traces on cis disilane 2 with 0.1nm 
stretch/compress distance. Vertical dashed lines indicate the high and low conductance peak range 
for cis disilane 2. Left: 2D histogram demonstrates a high-to-low switching during the first pulling. 
Middle: 2D histogram demonstrates a sustaining junction in the first pulling. Right: 2D histogram 





Figure 2.17. 2D histograms constructed from the measured traces on cis disilane 2 with 0.2nm 
stretch/compress distance. Vertical dashed lines indicate the high and low conductance peak range 
for cis disilane 2. Left: 2D histogram demonstrates a high-to-low switching during the first pulling. 
Middle: 2D histogram demonstrates a sustaining junction in the first pulling. Right: 2D histogram 






Figure 2.18. 2D histograms constructed from the measured traces on trans disilane 3 with 0.2nm 
stretch/compress distance. Vertical dashed lines indicate the high and low conductance peak range 
for cis disilane 2. Left: 2D histogram demonstrates a high-to-low switching during the first pulling. 
Middle: 2D histogram demonstrates a sustaining junction in the first pulling. Right: 2D histogram 






Figure 2.19. 2D histograms constructed from the measured traces on cis disilane 4 with 0.2nm 
stretch/compress distance. Vertical dashed lines indicate the high and low conductance peak range 
for cis disilane 2. Left: 2D histogram demonstrates a high-to-low switching during the first pulling. 
Middle: 2D histogram demonstrates a sustaining junction in the first pulling. Right: 2D histogram 
demonstrates a breaking junction in the first pull. 
 
2.12. General Synthetic Information1 
All reactions were carried out in flame-dried glassware with magnetic stirring unless 
otherwise indicated. The flasks were fitted with rubber septa and reactions were conducted under 
a positive pressure of nitrogen unless otherwise noted. Degassed solvents were purified by passage 
through an activated alumina column.  
Materials. Commercial reagents were used without further purification unless otherwise 
noted. All reagents were purchased from Sigma-Aldrich, with the following exceptions. 1,1,2,2-
tetrachlorodisilane was purchased from TCI. 1,8-dibromonaphthalene was purchased from Ark 
Pharm, Inc. 
Instrumentation.  1H, 13C, and 29Si NMR spectra were recorded on a Bruker DPX-400 (400 
MHz) or a Bruker DPX-500 (500 MHz) spectrometer. Chemical shifts for protons are reported in 
parts per million downfield from tetramethylsilane and are referenced to residual protium in the 
NMR solvent (CDCl3 = 7.26 ppm). Chemical shifts for carbon are reported in parts per million 
downfield from CDCl3 internal standard (77.23 ppm). Chemical shifts for silicon are reported in 
	
	 	46	
parts per million downfield from tetramethylsilane and referenced to the silicon resonance of 
tetramethylsilane (TMS δ 0.0). The silicon NMR resonances were determined with a DEPT pulse 
sequence. Data are based on apparent multiplicities and are reported as follows: chemical shift, 
multiplicity (s = singlet, d = doublet, dd= doublet of doublets, t = triplet, m = multiplet), coupling 
constants in Hertz, and integration. The mass spectroscopic data were obtained at the Columbia 
University mass spectrometry facility using a Waters XEVO G2XS QToF mass spectrometer with 
a UPC2 SFC inlet, electrospray ionization (ESI) probe, atmospheric pressure chemical ionization 
(APCI) probe, and atmospheric solids analysis probe (ASAP). Infrared spectra were recorded on 
a Perkin Elmer Paragon 1000 FT-IR spectrometer. HPLC analyses were performed on san Agilent 
1200 Series HPLC, UV detection monitored at 280 nm, using a Luna silica column (3 Å) or a 
Chiralcel IB-3 column (25 cm). 
 
2.13. Synthetic Procedures and Characterization1 
Synthesis of trans and cis bisthioanisole substituted 1,2-disilaacenaphthenes 1 and 2 
 
The synthesis of 1 and 2 was adapted from Wakahara et al.14 To a cooled (0 °C) solution 
of dibromonaphthalene (1.00 g, 3.50 mmol) in THF (17 mL) was added n-butyllithium (2.94 mL, 
2.5 M in THF, 7.34 mmol). After 10 min, the dilithiate was added by cannula into a cooled (-78 
°C) solution of 1,1,2,2-tetrachlorodimethyldisilane (628 µL, 3.50 mmol) in THF (70 mL). The 
Br Br 1. Si2Cl4Me2, n-BuLi
















reaction mixture was allowed to warm to room temperature over 1 h and then cooled (-78 °C). To 
a separate cooled (-78 °C) solution of 4-bromothioanisole (1.49 g, 7.34 mmol) in THF (70 mL) 
was added n-butyllithium (2.94 mL, 2.5 M in THF, 7.34 mmol). After 1 hour, the thioanisole 
lithiate was added by cannula into the cooled solution of naphthyl dichlorodisilane. The reaction 
mixture was warmed to room temperature over 4 hours and quenched by the addition of saturated 
aqueous NH4Cl (40 mL). The layers were separated and the aqueous layer was extracted with 
EtOAc (3 x 30 mL). The combined organic layers were washed with brine, dried (Na2SO4), filtered, 
and concentrated. Purification of the residue by silica gel flash chromatography (1% to 2% 
EtOAc/hexanes) afforded trans and cis bisthioanisole substituted 1,2-disilaacenaphthenes 1 and 2 
as a 1.5:1 mixture of trans/cis isomers (771 mg, 1.68 mmol, 48%).  
The trans/cis isomeric mixture was separated by analytical HPLC using a Luna silica 
column (3 Å) to isolate pure isomers. The trans/cis mixture was then separated using a Chiralcel 
IB-3 column (25 cm). HPLC trace of this injection showed three peaks, two of which integrated 
in a 50:50 ratio. Injection of the major isomer isolated from the Luna silica separation showed two 
peaks in a 50:50 ratio upon chiral HPLC separation using the Chiralcel IB-3 conditions and was 
determined to be the trans isomer 1, which has two enantiomers. Injection of the minor isomer 
isolated from the Luna silica separation showed one peak upon chiral HPLC separation using the 
Chiralcel IB-3 conditions and was determined to be the cis isomer 2. All HPLC conditions and 




White solid. IR (thin film) 3028, 3003, 2970, 2952, 2920, 2853, 
1578, 1483, 1437, 1366, 1228, 1217, 1079, 876, 791, 764, 686, 527, 
496 cm-1; H NMR (400 MHz, CDCl3) d 7.94 (dd, J = 8.3, 1.2 Hz, 
2H), d 7.76 (dd, J = 6.6, 1.3 Hz, 2H), d 7.54 (dd, J = 8.2, 6.7 Hz, 2H), 
d 7.34 (d, J = 8.3 Hz, 2H), d 7.19 (d, J = 8.3 Hz, 2H), d 2.46 (s, 6H), 
d 0.60 (s, 6H); 13C NMR (100 MHz, CDCl3) d 147.0, 141.0, 139.8, 135.1, 133.1, 132.8, 132.3, 
129.5, 126.1, 125.7, 15.3, -5.0; 29Si (60MHz, CDCl3) d -22.8. HRMS predicted for C26H26Si2S2 
(ASAP+): calcd 458.1014 ([M]+), observed 458.1019 ([M]+). 
 
White solid. IR (thin film) 3043, 2954, 2921, 2854, 1579, 1485, 1437, 1385, 
1254, 1078, 994, 889, 792, 754, 652, 535, 497 cm-1; 1H NMR (400 MHz, CDCl3) 
d 7.93 (dd, J = 8.2, 1.2 Hz, 2H), d 7.75 (dd, J = 6.7, 1.3 Hz, 2H), d 7.54 (dd, J = 
8.2, 6.7 Hz, 2H), d 7.22 (d, J = 8.2 Hz, 2H), d 7.06 (d, J = 8.2 Hz, 2H), d 2.42 
(s, 6H), d 0.74 (s, 6H); 13C NMR (126 MHz, CDCl3) d 146.6, 141.1, 139.7, 
135.2, 133.1, 132.7, 131.7, 129.5, 126.0, 125.5, 15.3, -4.6; 29Si NMR (60MHz, CDCl3) d -23.2. 
HRMS predicted for C26H26Si2S2 (ASAP+): calcd 458.1014 ([M]+), observed 458.1009 ([M]+). 
 
































To a cooled (0 °C) solution of dibromonaphthalene (600 mg, 2.01 mmol) in THF (10 mL) 
was added n-butyllithium (1.68 mL, 2.5 M in THF, 4.20 mmol). After 10 min, the dilithiate was 
added by cannula into a cooled (-78 °C) solution of 1,1,2,2-tetrachlorodimethyldisilane (378 µL, 
2.10 mmol) in THF (42 mL). The reaction mixture was allowed to warm to room temperature over 
1 h and then cooled (-78 °C). To a separate cooled (-78 °C) solution of (4-
bromobenzyl)(methyl)sulfane (731 mg, 3.36 mmol) in THF (34 mL) was added n-butyllithium 
(2.94 mL, 2.5 M in THF, 7.34 mmol). After 1 hour, the benzylmethylsulfide lithiate was added by 
cannula into the cooled solution of naphthyl dichlorodisilane. The reaction mixture was stirred at 
-78 °C for 4 hours. To a separate cooled (-78 °C) solution of 4-bromothioanisole (256 mg, 1.26 
mmol) in THF (13 mL) was added n-butyllithium (504 µL, 2.5 M in THF, 1.26 mmol). After 1 
hour, the thioanisole lithiate was added by cannula into the cooled solution of naphthyl 
arylchlorodisilane. The reaction mixture was warmed to room temperature over 4 hours and 
quenched by the addition of saturated aqueous NH4Cl (30 mL). The layers were separated and the 
aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed 
with brine, dried (Na2SO4), filtered, and concentrated. Purification of the residue by silica gel flash 
chromatography (1% to 2% EtOAc/hexanes) afforded trans and cis asymmetric 
disilaacenaphthenes 3 and 4 as a 2:1 mixture of trans/cis isomers (404 mg, 0.85 mmol, 34%). 
The trans/cis isomeric mixture was separated by analytical HPLC using a Luna silica 
column (3 Å) to isolate trans isomer 3 and cis isomer 4. HPLC conditions and traces are included 
below. 
The assignment of stereochemistry for 3 and 4 was made as follows (we have been unable 
to obtain crystals of either 3 or 4, and the chemical shifts of the Si-Me groups do not resolve 
enough to allow a determination using nOe (NOESY) experiments): our assertion that 3 is trans 
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and 4 is cis is based on 3 distinct pieces of evidence that together constitute a convincing case. 
First, the displacement values for the low G sulfur to sulfur pathways shown in Figure 4 are ~0.8 
nm and ~0.6 nm, respectively. The distance between the sulfurs is significantly greater in the trans 
isomer, and therefore the one with the longer displacement is almost certainly the trans isomer. 
We note that this has been proven to be the case for 1 and 2, where the stereochemistry has been 
rigorously established and the trans isomer clearly shows a longer displacement value for the low 
G conductance band (Figure 2). Second, inspection of the 1H NMR data for 2 shows that the 
SiC6H4SMe protons are all upfield of the CHCl3 peak at 7.26 ppm, whereas for 1 they are not. The 
1H NMR spectra for 3 and 4 show exactly the same pattern, again consistent with the assignment 
of 3 as trans and 4 as cis. A similar analysis of the Si-CH3 peaks shows a similar trend with those 
for 1 and 3 having a chemical shift of ~0.6 ppm, and those for 2 and 4 having a chemical shift of 
~0.75 ppm. Third, as shown below in the HPLC chromatograms, trans diastereomer 1 elutes off 
of the Luna silica column first, followed by the cis isomer 2. For compounds 3 and 4, 3 elutes first 
followed by 4, further supporting the assignment of 3 as trans and 4 as cis. We conclude that the 
chances that all three of these distinct pieces of evidence are reversed are vanishingly small, and 
that we have established the stereochemistry of 3 as trans, and that of 4 as cis. 
Clear oil. IR (thin film) 3044, 3031, 3008, 2955, 2919, 2852, 1577, 
1483, 1436, 1427, 1392, 1384, 1318, 1308, 1247, 1153, 1100, 1078, 
1015, 876, 790, 764, 744, 722, 689, 627, 560, 507, 497, 436 cm-1; 1H 
NMR (500 MHz, CDCl3) d 7.96 (dd, J = 8.2, 1.2 Hz, 2H), d 7.79 
(dd, J = 6.9, 1.2 Hz, 2H), d 7.57 (dd, J = 8.0, 6.6 Hz, 2H), d 7.42 (d, 
J = 8.0 Hz, 2H), d 7.36 (dd, J = 8.2 Hz, 2H), d 7.27 (d, J = 7.8 Hz, 2H), d 7.21 (d, J = 8.2 Hz, 2H), 








CDCl3) ) d 146.9, 141.00, 140.98, 139.8, 139.1, 135.1, 134.91, 133.14, 133.08, 132.8, 132.3, 
129.49, 129.47, 128.4, 126.0, 125.68, 38.3, 15.2, 15.0, -5.00, -5.03; 29Si NMR (60MHz, CDCl3) d 
-22.7, -22.8. HRMS predicted for C27H28Si2S2 (ASAP+): calcd 472.1171 ([M]+), observed 472.1183 
([M]+). 
Clear oil. IR (thin film) 3045, 3029, 3006, 2955, 2919, 2851, 1578, 1483, 
1438, 1426, 1382, 1368, 1309, 1249, 1229, 1218, 1156, 1101, 1078, 1017, 
877, 789, 775, 745, 710, 688, 629, 567, 538, 510, 498, 437; 1H NMR (500 
MHz, CDCl3) d 7.93 (dt, J = 8.3, 1.6 Hz, 2H), d 7.78 (dd, J = 6.6, 1.3 Hz, 
1H), d 7.74 (dd, J = 6.7, 1.3 Hz, 1H), d 7.54 (dt, J = 8.2, 6.5 Hz, 2H), d 7.24 
(d, J = 8.2 Hz, 2H), d 7.18 (d, J = 8.2 Hz, 2H), d 7.11 (d, J = 7.7 Hz, 2H), d 7.02 (d, J = 8.2 Hz, 
2H), d 3.58 (s, 2H), d 2.40 (s, 3H), d 1.91 (s, 3H), d 0.75 (s, 3H), d 0.73 (s, 3H); 13C NMR (100 
MHz, CDCl3) ) d 146.7, 141.1, 139.6, 138.9, 135.2, 135.0, 133.13, 133.07, 132.74, 131.7, 129.5, 
128.3, 126.0, 125.4, 38.2, 15.2, 14.7, -4.68, -4.73; 29Si NMR (60MHz, CDCl3) d -22.8, -22.9. 
HRMS predicted for C27H28Si2S2 (ASAP+): calcd 472.1171 ([M]+), observed 472.1166 ([M]+). 
 
Synthesis of trans and cis meta-bisthioanisole substituted 1,2-disilaacenaphthenes 6 and 7 
 
The synthesis of 6 and 7 was adapted from Wakahara et al.14 To a cooled (0 °C) solution 
of dibromonaphthalene (200 mg, 0.699 mmol) in THF (3.5 mL) was added n-butyllithium (0.588 
Br Br 1. Si2Cl4Me2, n-BuLi


















mL, 2.5 M in THF, 1.47 mmol). After 10 min, the dilithiate was added by cannula into a cooled (-
78 °C) solution of 1,1,2,2-tetrachlorodimethyldisilane (126 µL, 0.699 mmol) in THF (3.5 mL). 
The reaction mixture was allowed to warm to room temperature over 1 h and then cooled (-78 °C). 
To a separate cooled (-78 °C) solution of 3-bromothioanisole (297 mg, 1.47 mmol) in THF (3.5 
mL) was added n-butyllithium (0.588 mL, 2.5 M in THF, 1.47 mmol). After 1 hour, the thioanisole 
lithiate was added by cannula into the cooled solution of naphthyl dichlorodisilane. The reaction 
mixture was warmed to room temperature over 4 hours and quenched by the addition of saturated 
aqueous NH4Cl (10 mL). The layers were separated and the aqueous layer was extracted with 
EtOAc (3 x 10 mL). The combined organic layers were washed with brine, dried (Na2SO4), filtered, 
and concentrated. Purification of the residue by silica gel flash chromatography (1% to 2% 
EtOAc/hexanes) afforded trans and cis meta-bisthioanisole substituted 1,2-disilaacenaphthenes 6 
and 7 as a 2:1 mixture of trans/cis isomers (76.6 mg, 0.167mmol, 24%).  
The trans/cis isomeric mixture was separated by analytical HPLC using a Chiralcel AD-
H column (25 cm) to isolate pure isomers. HPLC trace of this injection showed three peaks, two 
of which integrated in a 50:50 ratio. All three peaks were isolated and their NMR spectra were 
obtained. The compounds isolated from the two peaks in a 50:50 ratio upon chiral HPLC 
separation showed the same NMR spectra and were both determined to be the trans isomer 6, 
which has two enantiomers. The compound isolated from the third peak showed a different NMR 
spectra, and was determined to be the cis isomer 7. 6: 1H NMR (400 MHz, CDCl3) δ 8.06 – 7.92 
(dd, J = 8.3, 1.2 Hz, 2H), δ 7.80 (dd, J = 6.6, 1.3 Hz, 2H), δ 7.62 – 7.51 (dd, J = 8.2, 6.7 Hz 1H), 
δ 7.38 (dz, J = 1.6 Hz, 2H), δ 7.27 – 7.24 (m, 4H), δ 7.21 (dt, J = 6.0, 4.4 Hz, 4H), δ 2.45 (s, 
6H), δ 0.64 (s, 6H). 7: 1H NMR (400 MHz, CDCl3) δ 7.97 (dd, J = 8.3, 1.2 Hz, 2H), δ 7.81 (dd, 
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J = 6.7, 1.2 Hz, 2H), 7.58 (dd, J = 8.2, 6.7 Hz, 2H), δ 7.16 (ddd, J = 12.3, 3.4, 1.9 Hz, 6H), δ 
2.25 (s, 6H), δ 0.79 (s, 6H). 
 
Synthesis of phenyl/thioanisole substituted 1,2-disilaacenaphthene 8 
 
To a cooled (-30 °C) solution of a 1.9:1 trans/cis mixture of 1 and 2 (46.0 mg, 0.100 mmol) 
in CH2Cl2 (1 mL) was added triflic acid (15.0 mg, 8.85 µL, 0.100 mmol). The reaction mixture 
was stirred at -30 °C for 2 hours, was allowed to warm up to room temperature over 2 hours, and 
then stirred at room temperature for 30 min. The solvent was evaporated under vacuum. THF (1 
mL) was added to the reaction mixture and then cooled (-78 °C).  Phenylmagnesium bromide (200 
µL, 0.5 M in THF, 0.100 mmol) was added to the cooled solution of silyl triflate. The reaction 
mixture was warmed to room temperature over 4 hours and quenched by the addition of saturated 
aqueous NH4Cl (2 mL). The layers were separated and the aqueous layer was extracted with EtOAc 
(3 x 5 mL). The combined organic layers were washed with brine, dried (Na2SO4), filtered, and 
concentrated. Purification of the residue by silica gel flash chromatography (1% to 2% 
EtOAc/hexanes) afforded phenyl/thioanisole substituted 1,2-disilaacenaphthene 8 as a 1.9:1 
mixture of trans/cis isomers (23.9 mg, 0.0579 mmol, 58%). 8: 1H NMR (400 MHz, CDCl3) δ 7.96 

















1.9:1  mix of isomers
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7.44 (m, 2H), δ 7.40 – 7.32 (m, 4H), δ 7.24 – 7.18 (m, 2H), δ 7.07 (d, J = 8.2 Hz, 1H), δ 2.49 (s, 
2H), δ 2.43 (s, 1H), δ 0.79 (s, 2H), δ 0.77 (s, 2H), δ 0.64 (s, 4H), δ 0.62 (s, 4H). 
 
Synthesis of monothioanisole substituted 1,2-disilaacenaphthene 9 
 
To a cooled (-30 °C) solution of a 1.9:1 trans/cis mixture of 1 and 2 (34.0 mg, 0.0741 
mmol) in CH2Cl2 (0.75 mL) was added triflic acid (11.1 mg, 6.54 µL, 0.0741 mmol). The reaction 
mixture was stirred at -30 °C for 2 hours, was allowed to warm up to room temperature over 2 
hours, and then stirred at room temperature for 30 min. The solvent was evaporated under vacuum. 
THF (0.75 mL) was added to the reaction mixture and then cooled (-78 °C).  Methylmagnesium 
bromide (148 µL, 0.5 M in THF, 0.0741 mmol) was added to the cooled solution of silyl triflate. 
The reaction mixture was warmed to room temperature over 4 hours and quenched by the addition 
of saturated aqueous NH4Cl (2 mL). The layers were separated and the aqueous layer was extracted 
with EtOAc (3 x 5 mL). The combined organic layers were washed with brine, dried (Na2SO4), 
filtered, and concentrated. Purification of the residue by silica gel flash chromatography (1% 
EtOAc/hexanes) afforded monothioanisole substituted 1,2-disilaacenaphthene 9 as a clear oil (11.9 
mg, 0.0341 mmol, 46%). 9: 1H NMR (400 MHz, CDCl3) δ 7.97 – 7.91 (m, 2H), δ 7.83 (dd, J = 











    -30°C -> RT
2. MeMgBr







(d, J = 8.3 Hz, 2H), δ 7.23 (d, J = 8.3 Hz, 2H), δ 2.50 (s, 3H), δ 0.76 (s, 3H), δ 0.52 (s, 3H), δ 
0.39 (s, 3H). 
 
Synthesis of trans and cis bis-PhCH2SMe substituted 1,2-disilaacenaphthenes 10 and 11 
 
The synthesis of 10 and 11 was adapted from Wakahara et al.14 To a cooled (0 °C) solution 
of dibromonaphthalene (600 mg, 2.10 mmol) in THF (10 mL) was added n-butyllithium (1.68 mL, 
2.5 M in THF, 4.20 mmol). After 10 min, the dilithiate was added by cannula into a cooled (-78 
°C) solution of 1,1,2,2-tetrachlorodimethyldisilane (378 µL, 2.10 mmol) in THF (42 mL). The 
reaction mixture was allowed to warm to room temperature over 1 h and then cooled (-78 °C). To 
a separate cooled (-78 °C) solution of para-bromobenzylmethylsulfide (911 mg, 4.20 mmol) in 
THF (42 mL) was added n-butyllithium (1.68 mL, 2.5 M in THF, 4.20 mmol). After 1 hour, the 
benzylmethylsulfide lithiate was added by cannula into the cooled solution of naphthyl 
dichlorodisilane. The reaction mixture was warmed to room temperature over 4 hours and 
quenched by the addition of saturated aqueous NH4Cl (30 mL). The layers were separated and the 
aqueous layer was extracted with EtOAc (3 x 25 mL). The combined organic layers were washed 
with brine, dried (Na2SO4), filtered, and concentrated. Purification of the residue by silica gel flash 
chromatography (1% to 2% to 3% EtOAc/hexanes) afforded trans and cis = substituted 1,2-
disilaacenaphthenes 10 and 11 as a 1.8:1 mixture of trans/cis isomers (442 mg, 0.909 mmol, 43%).  
Br Br 1. Si2Cl4Me2, n-BuLi















The trans/cis isomeric mixture was separated by analytical HPLC using a Luna silica 
column (3 Å) to isolate pure isomers. The trans/cis mixture was then separated using a Chiralcel 
IB-3 column (25 cm). HPLC trace of this injection showed three peaks, two of which integrated 
in a 50:50 ratio. Injection of the major isomer isolated from the Luna silica separation showed two 
peaks in a 50:50 ratio upon chiral HPLC separation using the Chiralcel IB-3 conditions and was 
determined to be the trans isomer 10, which has two enantiomers. Injection of the minor isomer 
isolated from the Luna silica separation showed one peak upon chiral HPLC separation using the 
Chiralcel IB-3 conditions and was determined to be the cis isomer 11. 10: 1H NMR (400 MHz, 
CDCl3) δ 7.96 (dd, J = 8.3, 1.2 Hz, 2H), δ 7.80 (dd, J = 6.6, 1.3 Hz, 2H), δ 7.57 (dd, J = 8.2, 6.6 
Hz, 2H), δ 7.43 (d, J = 8.0 Hz, 4H), δ 7.27 (d, J = 8.0 Hz, 4H), δ 3.68 (s, 4H), δ 2.02 (s, 6H), δ 
0.63 (s, 6H). 11: 1H NMR (400 MHz, CDCl3) δ 7.96 (dd, J = 8.3, 1.2 Hz, 2H), δ 7.80 (dd, J = 6.6, 
1.3 Hz, 2H), δ 7.57 (dd, J = 8.2, 6.6 Hz, 2H), δ 7.27 (d, J = 8.0 Hz, 4H), δ 7.11 (d, J = 8.0 Hz, 
4H), δ 3.60 (s, 4H), δ 1.94 (s, 6H), δ 0.79 (s, 6H). 
 
Synthesis of trans and cis meta-asymmetric disilaacenaphthene 12 and 13 
 
To a cooled (0 °C) solution of dibromonaphthalene (600 mg, 2.01 mmol) in THF (10 mL) 
was added n-butyllithium (1.68 mL, 2.5 M in THF, 4.20 mmol). After 10 min, the dilithiate was 
added by cannula into a cooled (-78 °C) solution of 1,1,2,2-tetrachlorodimethyldisilane (378 µL, 
Br Br
1. Si2Cl4Me2, n-BuLi




















2.10 mmol) in THF (42 mL). The reaction mixture was allowed to warm to room temperature over 
1 h and then cooled (-78 °C). To a separate cooled (-78 °C) solution of (3-
bromobenzyl)(methyl)sulfane (731 mg, 3.36 mmol) in THF (34 mL) was added n-butyllithium 
(2.94 mL, 2.5 M in THF, 7.34 mmol). After 1 hour, the benzylmethylsulfide lithiate was added by 
cannula into the cooled solution of naphthyl dichlorodisilane. The reaction mixture was stirred at 
-78 °C for 4 hours. To a separate cooled (-78 °C) solution of 4-bromothioanisole (256 mg, 1.26 
mmol) in THF (13 mL) was added n-butyllithium (504 µL, 2.5 M in THF, 1.26 mmol). After 1 
hour, the thioanisole lithiate was added by cannula into the cooled solution of naphthyl 
arylchlorodisilane. The reaction mixture was warmed to room temperature over 4 hours and 
quenched by the addition of saturated aqueous NH4Cl (30 mL). The layers were separated and the 
aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed 
with brine, dried (Na2SO4), filtered, and concentrated. Purification of the residue by silica gel flash 
chromatography (1% to 2% EtOAc/hexanes) afforded trans and cis meta-asymmetric 
disilaacenaphthenes 12 and 13 as a 2:1 mixture of trans/cis isomers (368 mg, 0.778 mmol, 39%). 
The trans/cis isomeric mixture was separated by analytical HPLC using a Luna silica 
column (3 Å) to isolate trans isomer 12 and cis isomer 13. 12: 1H NMR (400 MHz, CDCl3) δ 7.97 
(dd, J = 8.3, 1.2 Hz, 2H), 7.79 (ddd, J = 6.7, 4.6, 1.3 Hz, 2H), 7.57 (dd, J = 8.2, 6.7 Hz, 2H), 7.40 
– 7.35 (m, 3H), 7.36 – 7.30 (m, 3H), 7.22 (d, J = 8.2 Hz, 2H), 3.64 (s, 2H), 2.49 (s, 3H), 1.98 (s, 
3H), 0.64 (s, 3H), 0.62 (s, 3H). 13: 1H NMR (400 MHz, Chloroform-d) δ 7.96 (dd, J = 8.2, 1.3 Hz, 
2H), 7.79 (dt, J = 6.6, 1.6 Hz, 2H), 7.57 (ddd, J = 7.9, 6.6, 0.9 Hz, 2H), 7.27 – 7.18 (m, 4H), 7.16 
(d, J = 7.2 Hz, 2H), 7.09 – 7.01 (m, 2H), 3.47 (d, J = 2.5 Hz, 2H), 2.42 (s, 3H), 1.81 (s, 3H), 0.78 











































































































































































































































































































            
Figure 2.20. 2D conductance histograms generated at an applied voltage of 225 mV for 0.1 mM 
solution of meta-bisthioanisole substituted trans disilane 6 and cis disilane 7 in 1,2,4-




Figure 2.21. 1D and 2D conductance histograms generated at an applied voltage of 225 mV for 

















Figure 2.22. 1D and 2D conductance histograms generated at an applied voltage of 225 mV for 










Figure 2.23. 1D and 2D conductance histograms generated at an applied voltage of 225 mV for 



























Figure 2.24. 1D and 2D conductance histograms generated at an applied voltage of 225 mV for 













Figure 2.25. 1D and 2D conductance histograms generated at an applied voltage of 225 mV for 





















Figure 2.26. 1D and 2D conductance histograms generated at an applied voltage of 225 mV for 






2.15. HPLC Chromatograms 
HPLC chromatograms of trans and cis bisthioanisole substituted  
1,2-disilaacenaphthenes 1 and 2 
 
 






















HPLC chromatograms of trans and cis asymmetric  
1,2-disilaacenaphthenes 3 and 4 
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 This chapter is based on a manuscript entitled “Mechanism for Si—Si Bond Rupture in 
Single Molecule Junctions” by Haixing Li, Nathaniel T. Kim, Timothy A. Su, Michael 
Steigerwald, Colin Nuckolls, Pierre Darancet, James L. Leighton, and Latha Venkataraman 
published in the Journal of the American Chemical Society.1 All compounds were synthesized and 
characterized by myself, except for Si2 which has previously been synthesized and characterized 
by Timothy A. Su.2 All single molecule conductance measurements were performed by Haixing 
Li in Prof. Latha Venkataraman’s research group. All theoretical calculations were performed by 




 Low-k electronic materials exhibit greater device speed capability and power efficiency 
over bulk silicon devices. However, devices made with low-k materials degrade through time 
dependent dielectric breakdown.3–6 This mechanism of breakdown has been well studied in bulk 
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networks of varying dielectric materials using theoretical models.7,8 However, as silicon based 
materials are fast approaching the molecular scale, a thorough understanding of the mechanical 
and electrical characteristics of Si—Si bond rupture and the failure mechanism of silicon molecular 
junctions is essential. 
 In this study, we analyzed the breakdown properties of silicon wires using the STM-BJ 
high bias technique developed by Li et al.2 Here, we conclusively demonstrate that bond rupture 
occurs at the Si—Si bond in single molecule junctions by designing molecular wires containing a 
two-backbone system. Whereas conductance ceases after bond rupture in acyclic molecular 
junctions, we show that charge transport occurs through the secondary pathway of this two-
backbone molecule after voltage induced Si—Si bond rupture. Lastly, we investigate the 
mechanism of voltage induced Si—Si bond rupture in molecular junctions using DFT calculations 
and molecular dynamics simulations and show that junction rupture is attributed to the excitation 
of molecular vibrational modes by tunneling electrons. 
  
3.3. Synthesis and Conductance Measurements of Si2Naph 
We designed a disilaacenaphthene (Si2Naph) molecular wire containing a naphthyl bridge 
which serves as an all-carbon pathway in parallel with the Si—Si bond. After Si2Naph junction 
formation is confirmed in the STM-BJ setup, we vary the voltage bias applied across the molecular 
junction and observe the conductance values formed before and after the junction breaks, 
signifying Si—Si bond rupture. We compare the rupture behavior of Si2Naph with Si2, whose 
bond rupture behavior has previously been demonstrated.2 
 Si2Naph was synthesized in the sequence shown in Figure 3.1 by adapting known 
procedures.2,9–11 Bismetallation of 1,8-dibromonaphthalene by lithium halogen exchange and 
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treatment of the resulting dianion with 1,1,2,2-tetrachloro-1,2-dimethyldisilane delivered the 
intermediate naphthyl dichlorodimethyldisilane, which was treated with chloromethylene lithiate 
formed via in situ metalation of bromochloromethane with n-BuLi to give 1 in 44% yield over two 
steps. Displacement of the chlorides with potassium thioacetate afforded 2 in 62% yield and 
subsequent reductive cleavage of the thioacetates with LiAlH4 affords Si2Naph in 93% yield. 
Compounds 1, 2, and Si2Naph were all isolated and proceeded through the synthesis as a 1.2:1 
mixture of diastereomers. The cis and trans isomers of 2 were also separated and characterized to 
afford pure cis (2a) and pure trans (2b) isomers (Chapter 3.8). Cis 2a and trans 2b were reductively 
cleaved using the same conditions to afford pure cis (3a) and trans (3b) isomers of Si2Naph 
(Chapter 3.6).   
 
Figure 3.1. Synthesis of Si2Naph. 
 
We first measure the conductance of Si2Naph with the STM-BJ technique.12,13 In this 
technique, we repeatedly bring the Au STM tip in and out with the substrate and record the 
conductance (current/voltage) of the junction as we withdraw the tip. We see plateaus at integer 
multiples of the quantum of conductance (Go = 2e2/h), which corresponds to atomic Au contact in 
each conductance-displacement trace. Once the solution of the target molecule is added (0.1 M in 
1,2,4-trichlorobenzene), we see additional features below 1 Go which signify that an Au—
molecule—Au junction is formed after the Au electrodes break contact. We use thiols as the 









(a) i. Si2Cl4Me2, n-BuLi, THF, 0oC ii. CH2BrCl, n-BuLi, -78oC. 44% yield, 1:1.2 cis:trans. (b) KSAc, THF, 
reflux, 62% yield. (c) LiAlH4, Et2O, 0oC, 93% yield.
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terminal anchor groups to form Au—S covalent bonds which are robust under the experimental 
conditions.2 We collect thousands of traces and compile them into logarithmically binned one-
dimensional histograms as shown in Figure 3.2c. We observe that Si2Naph shows a conductance 
peak at 2.4 x 10-4 Go, about an order of magnitude less than Si2. Unlike the series of bisthioanisole 
substituted 1,2-disilaacenaphthenes discussed in Chapter 2, where a highly conducting junction is 
formed when the Au electrodes couple directly to the Si—Si bond in the cis isomer which is not 
observed in the trans isomer, the cis (3a) and trans (3b) isomers of Si2Naph show similar results 
in conductance measurements (Figure 3.7).  
 
Figure 3.2. (a) Chemical structures of Si2Naph (purple) and Si2 (pink). (b) Schematic of STM-
BJ setup. (c) Logarithmically binned conductance histograms for Si2Naph and Si2 generated 







3.4. Bond Rupture in Si2Naph Versus Si2 
 We then investigate the rupture behavior in junctions formed with Si2Naph under an 
applied voltage and compare it with that of Si2, which has already been measured. We use an 
experimental technique modified from the one described in the previous work of Li et al.2 
 In this procedure, we start with an Au—Au contact and withdraw the tip for a fixed 
distance to enable formation of a junction with the target molecule. After junction formation has 
been confirmed, the junction is held for 150 ms and then the tip is withdrawn again until the 
junction breaks by applying a modified ramp to the piezo as shown by the blue curve in Figure 
3.3a. We apply a voltage pulse ranging in amplitude from 0.2 to 1.4 V when the junction is held 
as shown by the green curve in Figure 3.3a. The junction conductance is recording during the entire 
trace. This procedure is repeated a statistically relevant number of times. We select traces with a 
conductance trace within the range of the 1D conductance histogram peak (range indicated by 
dashed lines in Figures 3.3b and 3.3c) at the start of the hold segment. Of these traces, we observe 
that some show a roughly constant conductance within the conductance range during the high-bias 
pulse while others show a sudden drop below the molecular conductance range. The traces 
indicated in light shades of red and purple in Figures 3.3b and 3.3c correspond to those with a 
molecular junction that sustained the high-voltage for Si2 and Si2Naph, respectively. The traces 
in dark shades of red and purple in Figures 3.3b and 3.3c are traces in which the molecular junction 




Figure 3.3. (a) Piezo displacement (blue; left) and applied voltage (green; right) plotted against 
time in each pull-hold-pull measurement. (b) and (c) Two sample traces measured with Si2 
(Si2Naph) showing a molecular junction sustain (light color) or rupture (dark color) under a 0.9 
V applied bias. Dashed vertical lines show the range of the molecular junction’s conductance as 
determined from the conductance histograms in Figure 1. (d) Junction breaking probability as a 
function of the applied peak voltage for Si2 and Si2Naph. Error bars show the standard deviation 
determined from variations in sets of thousand measurements.  
 
 Our primary finding here is that Si2 junctions break to a conductance that is at the 
instrument noise floor while Si2Naph junctions break to a conductance that is slightly smaller than 
that of the Si2Naph junction. We use an automated algorithm to determine the fraction of traces 
that break under the applied bias. Using this analysis, the breaking probabilities for Si2Naph and 




Si2 shows a sharp increase in junction breaking probability at 0.9 V and Si2Naph shows a linear 
increase in junction breaking probability across the whole bias range from 0.2 V to 1.4 V. Si2Naph 
was oxidized to the siloxane Si2Naph-O and its conductance and voltage-dependent junction 
breaking probability was compared to the acyclic siloxane of Si2-O (Figure 3.4a). A similar result 
was obtained where Si2-O shows a sharp increase in junction breaking probability after 0.9 V 






Figure 3.4. (a) Chemical structures of Si2-O and Si2Naph-O. (b) Logarithmically binned 
conductance histograms for Si2-O and Si2Naph-O generated without data selection. (c) Junction 
breaking probability as a function of the applied peak voltage for Si2-O and Si2Naph-O. Error 
bars show the standard deviation determined from variations in sets of thousand measurements. 
 
We then investigated whether the difference in the broken junction conductance between 







created in which the traces that sustained an applied bias of 0.9 V were separated from those that 
broke under the 0.9 V applied bias. As shown in Figures 3.5a and 3.5b, the traces in which Si2 and 
Si2Naph junctions were sustained under the high bias display a conductance around their 
conductance peak values (Figure 3.2c) throughout the duration of the applied high voltage bias. 
For Si2 junctions that rupture, the distribution of the resulting conductance feature is across a wide 
range of 10-2 to 10-6 Go and invariably nondescript (Figure 3.5c).  Interestingly, in Si2Naph 
junctions that rupture under the applied high voltage bias, the resulting conductance features show 
a distribution that sharply peaks at 10-4 Go (Figure 3.5d). This junction breakdown feature is 
consistent whether the measured junction is that of the 1.2:1 isomeric mixture of Si2Naph, pure 
cis 3a, or pure trans (Figures 3.8, 3.9, 3.10). 
 We hypothesize that the Si—Si bond can rupture under an applied bias of 0.9 V in both 
Si2Naph and Si2. Once bond rupture occurs for junctions using Si2, there is no conduction 
pathway. This rationalizes why the conductance features after bond rupture are nondescript across 
the wide range of conductance values. However, once the Si—Si bond ruptures in the Si2Naph 
molecular junction, the junction can still conduct through the parallel backbone of the s system of 
the 1,8-substituted naphthalene, which explains the sharp distribution of conductances at 10-4 Go 




Figure 3.5. Two-dimensional conductance histograms of all traces showing sustaining junctions 
of (a) Si2 and (b) Si2Naph and breaking junctions of (c) Si2 and (d) Si2Naph while a voltage of 
0.9V is applied during the time indicated by the region in between the two dashed lines. Each inset 
shows a conductance distribution of its corresponding 2D histogram while the high bias is applied. 
 
 
 To show that junctions formed with Si2Naph can conduct through the s system from one 
sulfur anchor, through the naphthalene, and to the other sulfur anchor, we synthesized 1,8-
disubstituted naphthyl disulfide 8 in three steps from dibromonaphthalene and measured its 
conductance. The 1D histogram shows a clear conductance signature, showing that the parallel 





Figure 3.6. 1D conductance histogram of naphthyl disulfide 8 with the structure shown inside. 
 
 
3.5. Elucidating the Mechanism of Si—Si Bond Rupture in Single Molecule Junctions 
 One possible mechanism for Si—Si bond rupture in junctions formed with Si2Naph 
involves oxidative addition of one Au electrode to the Si—Si s, as has been similarly observed in 
the direct Si—Si to Au contact in conductance measurements of bisthioanisole substituted 1,8-
disilaacenaphthenes.11 Such Si—Si/Au mechanisms have also been implicated as key 
intermediates in the cis-selective disilylation of terminal alkynes by 1,2-disilanes.14,15 However, 
we do not see any evidence for an electrical contact between the Si—Si s bond and Au electrode 
in the 1D and 2D conductance histograms of Si2Naph. Another possible mechanism of Si—Si 
bond rupture in Si2Naph molecular junctions is oxidation of the disilane to the siloxane, given 
that the STM-BJ experiments are performed under ambient conditions. However, the 1D 
conductance histograms obtained for siloxane Si2Naph-O (Figure 3.4b) show that the 
conductance of Si2Naph-O is 1.5 times the conductance of the Si2Naph junction after high 
voltage bias induced Si—Si bond rupture. As such, it is unlikely that the conductance we observe 
upon Si—Si bond rupture in Si2Naph junctions can be attributed to the formation of the siloxane 
by in situ oxidative addition. 
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 Having excluded these possibilities, density functional theory calculations and molecular 
dynamics simulations were performed by Pierre Darancet to elucidate the mechanism of voltage-
induced bond rupture in single molecule junctions. Details of these DFT calculations are described 
in Chapter 3.121 and Darancet et al.16  It was concluded that bond rupture occurs via a current-
induced mechanism where the incoming electrons excite molecular vibrational modes of the 




We have demonstrated an experimental method to investigate the mechanism of bond 
rupture under an electric field using single molecule circuits. In this study, we apply this method 
to Si2Naph single molecule junctions and conclusively demonstrate that junction rupture occurs 
at the Si—Si bond. We elucidated different charge transport properties and junction rupture 
probabilities between Si2Naph and Si2 under increased voltage biases. We further investigate the 
bond rupture mechanism through density functional theory and molecular dynamics calculations 
and conclude that the excitation of the vibrational modes in the molecular junction through electron 
tunneling is the cause of bond rupture in our measurements. We have developed a greater 
understanding of the nature of bond rupture and the failure mechanism in silicon molecular 







3.7. General Synthesis Information 
All reactions were carried out in flame-dried glassware with magnetic stirring unless 
otherwise indicated. The flasks were fitted with rubber septa and reactions were conducted under 
a positive pressure of nitrogen unless otherwise noted. Degassed solvents were purified by passage 
through an activated alumina column.  
Materials. Commercial reagents were used without further purification unless otherwise 
noted. All reagents were purchased from Sigma-Aldrich, with the following exceptions. 1,1,2,2-
tetrachlorodisilane was purchased from TCI. 1,8-dibromonaphthalene was purchased from Ark 
Pharm, Inc. 
Instrumentation. 1H, 13C, and 29Si NMR spectra were recorded on a Bruker DPX-400 (400 
MHz) or a Bruker DPX-500 (500 MHz) spectrometer. Chemical shifts for protons are reported in 
parts per million downfield from tetramethylsilane and are referenced to residual protium in the 
NMR solvent (CDCl3 = 7.26 ppm). Chemical shifts for carbon are reported in parts per million 
downfield from CDCl3 internal standard (77.23 ppm). Chemical shifts for silicon are reported in 
parts per million downfield from tetramethylsilane and referenced to the silicon resonance of 
tetramethylsilane (TMS δ 0.0). The silicon NMR resonances were determined with a DEPT pulse 
sequence. Data are based on apparent multiplicities and are reported as follows: chemical shift, 
multiplicity (s = singlet, d = doublet, dd= doublet of doublets, t = triplet, m = multiplet), coupling 
constants in Hertz, and integration. The mass spectroscopic data were obtained at the Columbia 
University mass spectrometry facility using a Waters XEVO G2XS QToF mass spectrometer with 
a UPC2 SFC inlet, electrospray ionization (ESI) probe, atmospheric pressure chemical ionization 
(APCI) probe, and atmospheric solids analysis probe (ASAP). Infrared spectra were recorded on 
a Perkin Elmer Paragon 1000 FT-IR spectrometer. HPLC analyses for compounds 2a and 2b were 
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performed on an Agilent 1200 Series HPLC, UV detection monitored at 254 nm, using a Luna 
silica column (3 Å) or a Chiralcel IB-3 column (25 cm). 
 
3.8. Synthetic Procedures and Characterization of Compounds 
Synthesis of dithiol 3a and 3b 
 
The synthesis of 1 was adapted from Li, Su et al.1 To a cooled (0 °C) solution of 
dibromonaphthalene (500 mg, 1.75 mmol) in THF (9 mL) was added n-butyllithium (1.47 mL, 2.5 
M in THF, 3.67 mmol). After 10 min, the dilithiate was added by cannula into a cooled (-78 °C) 
solution of 1,1,2,2-tetrachlorodimethyldisilane (314 µL, 1.75 mmol) in THF (35 mL). The reaction 
mixture was allowed to warm to room temperature over 1 h. To the reaction mixture was added 
bromochloromethane (239 µL, 3.67 mmol). The reaction mixture was cooled to -78 °C, 
submerging it deeply into the dry ice-acetone bath to ensure the sides of the glass were cold. To 
the reaction mixture was added n-butyllithium (1.47 mL, 2.5 M in THF, 3.67 mmol) dropwise over 
30 min down the side of the flask. The reaction mixture was warmed to room temperature 
overnight and quenched by the addition of saturated aqueous NH4Cl (20 mL). The layers were 
separated and the aqueous layer was extracted with EtOAc (3 x 15 mL). The combined organic 
layers were washed with brine, dried (Na2SO4), filtered, and concentrated. Purification of the 
residue by silica gel flash chromatography (1% to 2% EtOAc/hexanes) afforded 
bis(chloromethyl)disilane 1 as a clear, colorless oil (242 mg, 0.778 mmol, 44% over two steps, 
1.2:1 mixture of isomers, as judged by 1H NMR spectroscopy). IR (thin film) 3047, 2956, 2923, 
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1483, 1440, 1394, 1335, 1309, 1250, 1221, 1174, 1156, 881, 798, 711, 642, 616 cm-1; 1H NMR 
(400 MHz, CDCl3) d 7.89 (m, 4H), d 7.53 (m, 2H), d 3.21 (s) and d 3.12 (d, J = 3.7 Hz, 4H total), 
d 0.67 and d 0.63 (s, 6H total); 13C NMR (126 MHz, CDCl3) d 146.0, 138.4, 133.0, 132.8, 130.1, 
125.8, 29.4, 29.3, -6.5, -6.8; 29Si NMR (60MHz, CDCl3) d -19.4, -19.5. HRMS predicted for C-
14H17Si2Cl2 (ASAP+): calcd 311.0245 ([M+H]+), observed 311.0246 ([M+H]+). 
 
 
To a solution of bis(chloromethyl)disilane 1 (193 mg, 0.619 mmol) in THF (6 mL) was 
added potassium thioacetate (155 mg, 1.36 mmol). The reaction mixture was heated at reflux for 
4 h. The reaction mixture was cooled to room temperature and quenched by the addition of 
saturated aqueous NH4Cl (10 mL). The layers were separated and the aqueous layer was extracted 
with EtOAc (3 x 10 mL). The combined organic layers were washed with brine, dried (Na2SO4), 
filtered, and concentrated. Purification of the residue by silica gel flash chromatography (5% to 
15% EtOAc/hexanes) afforded bis(thioacetate)disilane as a 1.2:1 mixture of trans/cis isomers (150 
mg, 0.384 mmol, 62%).  
The assignment of stereochemistry for 2a and 2b was made as follows: the trans/cis 
isomeric mixture was separated by analytical HPLC using a Luna silica column (3 Å) to isolate 
pure isomers. The trans/cis mixture was then analyzed using a Chiralcel IB-3 column (25 cm). The 
chromatogram showed three peaks, two of which integrated in a 50:50 ratio. Compound 2b (the 



















showed the two peaks in a 50:50 ratio. Compound 2b is therefore assigned as the trans 
diastereomer, which is chiral (dl). Analysis of compound 2a (the second to elute off of the Luna 
silica column) using the same chiral HPLC assay revealed a single peak, and this allowed the 
assignment of 2a as the cis diastereomer, which is achiral (meso). All HPLC conditions and traces 
are included below. 
 
Odorous, pale yellow oil. IR (thin film) 3046, 2953, 2924, 2894, 2851, 
1687, 1482, 1413, 1352, 1308, 1250, 1138, 1104, 954, 878, 797, 780, 719, 
625 cm-1; 1H NMR (400 MHz, CDCl3) d 7.88 (dd, J = 8.3, 1.2 Hz, 2H), d 
7.82 (dd, J = 6.6, 1.3 Hz, 2H), d 7.51 (dd, J = 8.2, 6.6 Hz, 2H), d 2.52 (d, J 
= 2.0 Hz, 4H), d 2.32 (s, 6H), d 0.50 (s, 6H); 13C NMR (126 MHz, CDCl3) 
d 196.5, 145.8, 139.8, 132.7, 132.5, 129.9, 125.8, 30.2, 12.0, -5.3; 29Si NMR (60MHz, CDCl3) d -
19.8. HRMS predicted for C18H23O2S2Si2 (ASAP+): calcd 391.0678 ([M+H]+), observed 391.0676 
([M+H]+). 
Odorous, pale yellow oil. IR (thin film) 3046, 2954, 2920, 2895, 2851, 
1686, 1482, 1406, 1352, 1308, 1247, 1137, 1102, 1017, 953, 879, 799, 
785, 728, 697, 623 cm-1; H NMR (400 MHz, CDCl3) d 7.88 (dd, J = 8.3, 
1.2 Hz, 2H), d 7.80 (dd, J = 6.7, 1.3 Hz, 2H), d 7.52 (dd, J = 8.2, 6.6 Hz, 
2H), d 2.45 (s, 4H), d 2.30 (s, 6H), d 0.55 (s, 6H); 13C NMR (100 MHz, CDCl3) d 196.4, 145.8, 
139.7, 132.7, 132.5, 129.8, 125.7, 30.1, 12.1, -5.3; 29Si (60MHz, CDCl3) d -19.8. HRMS predicted 















Cis and trans bis(methylthiol)disilane 3a and 3b were synthesized with a method adapted 
from Li, Su et al.1 Lithium aluminum hydride (14.8 mg, 0.389 mmol) was added to a flame-dried 
flask. Et2O (1 mL) was added and the flask was cooled to 0 °C. To the flask was added a solution 
of cis bis(thioacetate)disilane 2a (30.5 mg, 0.0782 mmol) in Et2O (1 mL). The reaction mixture 
was stirred at 0 °C for 10 minutes, and quenched by the addition of 1 M HCl (1 mL) at 0 °C. The 
reaction mixture was stirred at room temperature for 10 minutes and filtered over celite. 2 mL of 
H2O was added, the layers were separated and the aqueous layer was extracted with EtOAc (3 x 5 
mL). The combined organic layers were dried over Na2SO4, filtered, and concentrated to yield a 
colorless oil 3a (23.5 mg, 0.0766 mmol, 98%). IR (thin film) 3045, 2952, 2922, 2894, 2851, 1482, 
1334, 1308, 1249, 1156, 877, 796, 789, 779, 713, 553, 434 cm-1; 1H NMR (400 MHz, CDCl3) d 
7.89 (dd, J = 8.3, 1.3 Hz, 2H), d 7.84 (dd, J = 6.6, 1.3 Hz, 2H), d 7.53 (dd, J = 8.2, 6.6 Hz, 2H), d 
2.14 (m, 4H), d 1.37 (dd, J = 7.9, 6.7 Hz, 2H), d 0.56 (s, 6H); 13C NMR (100 MHz, CDCl3) d 146.1, 
140.0, 132.8, 132.4, 129.8, 125.8, 6.0, -5.7; 29Si NMR (60MHz, CDCl3) d -16.9. HRMS predicted 
for C14H17S2Si2 (ASAP-): calcd 305.0310 ([M-H]-), observed 305.0297 ([M-H]-). 
 
3b was synthesized using the same general procedure with 2b as the reactant. 
Colorless oil (2.3 mg, 97%). IR (thin film) 3045, 2954, 2921, 2895, 2850, 















609, 554 cm-1; 1H NMR (400 MHz, CDCl3) d 7.90 (dd, J = 8.3, 1.3 Hz, 2H), d 7.82 (dd, J = 6.6, 
1.3 Hz, 2H), d 7.53 (dd, J = 8.2, 6.6 Hz, 2H), d 2.01 (d, J = 7.3 Hz, 4H), d 1.19 (t, J = 7.3 Hz, 2H), 
d 0.65 (s, 6H); 13C NMR (100 MHz, CDCl3)  d 146.2, 139.8, 132.7, 132.3, 129.8, 125.8, 6.1, -5.9; 
29Si NMR (60MHz, CDCl3) d -16.8. HRMS predicted for C14H17S2Si2 (ASAP-): calcd 305.0310 
([M-H]-), observed 305.0306 ([M-H]-). 
 
Synthesis of siloxane dithiol 5 
 
The synthesis of 4 was adapted from Klausen et al2. To a solution of bis(thioacetate)disilane 
2b (27.6 mg, 0.0706 mmol) in toluene (0.7 mL) was added trimethylamine N-oxide (10.6 mg, 
0.141 mmol). The reaction mixture was stirred at 80 °C for 4 hours. The reaction mixture was 
concentrated and the residue was purified by silica gel flash chromatography (10% 
EtOAc/Hexanes) to give a clear oil (20.0 mg, 0.0492 mmol, 70%). IR (thin film) 3053, 2958, 2897, 
2851, 1687, 1489, 1354, 1254, 1139, 996, 892, 804, 624 cm-1; 1H NMR (400 MHz, CDCl3) d 7.92 
(dd, J = 8.3, 1.4 Hz, 2H), d 7.65 (dd, J = 6.7, 1.4 Hz, 2H), d 7.51 (dd, J = 8.2, 6.7 Hz, 2H), d 2.39 
(m, 4H), d 2.24 (s, 6H), d 0.57 (s, 6H); 13C NMR (100 MHz, CDCl3)  d 196.0, 141.1, 133.2, 133.0, 
132.8, 131.4, 125.0, 30.1, 15.4, -0.3; 29Si NMR (60MHz, CDCl3) d 0.15. HRMS predicted for 



















Lithium aluminum hydride (4.7 mg, 0.123 mmol) was added to a flame-dried flask. Et2O 
(1 mL) was added and the flask was cooled to 0 °C. To the flask was added a solution of cis 
bis(thioacetate)siloxane 4 (10.0 mg, 0.0246 mmol) in Et2O (0.5 mL). The reaction mixture was 
stirred at 0 °C for 10 minutes, and quenched by the addition of 1 M HCl (1 mL) at 0 °C. The 
reaction mixture was stirred at room temperature for 10 minutes and filtered over celite. 2 mL of 
H2O was added, the layers were separated and the aqueous layer was extracted with EtOAc (3 x 5 
mL). The combined organic layers were dried over Na2SO4, filtered, and concentrated to yield a 
colorless oil 5 (7.1 mg, 0.022 mmol, 89%). IR (thin film) 3052, 2956, 2921, 2898, 2851, 1589, 
1561, 1489, 1450, 1383, 1307, 1253, 1158, 996, 892, 800, 780, 737, 595, 527, 467 cm-1; 1H NMR 
(400 MHz, CDCl3) d 7.93 (dd, J = 8.3, 1.4 Hz, 2H), d 7.67 (dd, J = 6.7, 1.4 Hz, 2H), d 7.52 (dd, J 
= 8.2, 6.7 Hz, 2H), d 1.98 – 1.81 (m, 4H), d 1.10 (dd, J = 8.4, 6.2 Hz, 2H), d 0.63 (s, 6H); 13C NMR 
(100 MHz, CDCl3) d 141.7, 133.4, 132.9, 132.9, 131.3, 125.1, 9.3, -0.8; 29Si NMR (60MHz, 
CDCl3) d 0.28. HRMS predicted for C14H17OS2Si2 (ASAP-): calcd 321.0259 ([M-H]-), observed 
321.0259 ([M-H]-). 
 

















To a cooled (0 °C) solution of dibromonaphthalene (250 mg, 0.874 mmol) in THF (4.4 
mL) was added n-butyllithium (0.735 mL, 2.5 M in THF, 1.84 mmol). After 10 min of stirring at 
0 °C, a solution of ethylene oxide was added (0.735 mL, 2.5 M in THF, 1.84 mmol). The reaction 
mixture was allowed to warm to room temperature over 4 h and quenched by the addition of 1 M 
HCl (5 mL). The layers were separated and the aqueous layer was extracted with EtOAc (3 x 15 
mL). The combined organic layers were washed with brine, dried (Na2SO4), filtered, and 
concentrated. Purification of the residue by silica gel flash chromatography (100% EtOAc) 




To a solution of naphthyl diol 6 (58.4 mg, 0.270 mmol) in CH2Cl2 (3 mL) was added 
imidazole (91.9 mg, 1.35 mmol), then iodine (274 mg, 1.08 mmol), then triphenylphosphine (283 
mg, 1.08 mmol). The reaction mixture was stirred at room temperature for 6 hours and quenched 
with H2O (10 mL). The layers were separated and the aqueous layer was extracted with EtOAc (3 














concentrated. Purification of the residue by silica gel flash chromatography (1% to 5% 
EtOAc/hexanes) afforded naphthyl diiodide 7 as a golden oil (43.2 mg, 0.0991 mmol, 37%). IR 
(thin film) 3034, 2955, 2922, 2852, 1597, 1579, 1508, 1424, 1380, 1300, 1207, 1166, 1118, 821, 
808, 773, 698, 553 cm-1; 1H NMR (400 MHz, CDCl3) d 7.83 (m, 2H), d 7.39 (m, 4H), d 3.63 (t, J 
= 7.2 Hz, 4H), d 3.29 (t, J = 7.2 Hz, 4H); 13C NMR (100 MHz, CDCl3)  d 136.5, 136.3, 130.4, 
129.8, 129.6, 125.4, 41.6, 5.0. HRMS predicted for C12H11I2 (ASAP+): calcd 436.9263 ([M+H]+), 
observed 436.9260 ([M+H]+). 
 
To a solution of naphthyl diiodide 7 (14.1 mg, 0.0323 mmol) in ethanol (1 mL) was added 
sodium thiomethoxide (4.99 mg, 0.0711 mmol). The reaction mixture was heated at reflux for 6 
hours. The reaction mixture was cooled to room temperature and quenched by the addition of 
saturated aqueous NH4Cl (5 mL). The layers were separated and the aqueous layer was extracted 
with EtOAc (3 x 10 mL). The combined organic layers were washed with brine, dried (Na2SO4), 
filtered, and concentrated. Purification of the residue by silica gel flash chromatography (1% to 
5% EtOAc/hexanes) afforded naphthyl disulfide 8 as a clear oil (6.96 mg, 0.0252 mmol, 78%). IR 
(thin film) 3033, 2915, 2850, 1598, 1579, 1429, 1378, 1313, 1221, 1166, 810, 774, 644, 610, 564 
cm-1; 1H NMR (400 MHz, CDCl3) d 7.76 (m, 2H), d 7.37 (m, 4H), d 3.43 (t, J = 7.2 Hz, 4H), d 
2.75 (t, J = 7.2 Hz, 4H), d 2.15 (s, 6H); 13C NMR (100 MHz, CDCl3)  d 136.7, 136.1, 130.4, 130.1, 
129.2, 125.1, 37.5, 36.7, 15.9. HRMS predicted for C16H21S2 (ASAP+): calcd 277.1085 ([M+H]+), 
observed 277.1084 ([M+H]+). 
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3.9. HPLC chromatograms of dithioacetate 2a and 2b 
Luna 3Å silica column, 100% dichloromethane, 1 mL/min 
Chiralcel IB-3 column, 5% dichloromethane in hexanes, 1 mL/min 
 

































1:1.2 mixture of isomers
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3.10. STM-Break Junction Experiment Details 
We measured the conductance of single molecules bound to gold electrodes using a home-
built modified Scanning Tunneling Microscope (STM).  We used a 0.25 mm diameter gold wire 
(99.998%, Alfa Aesar) as the STM tip and a gold—coated (99.999%, Alfa Aesar) mica surface as 
the substrate. A commercially available single-axis piezoelectric positioner (Nano-P15, Mad City 
Labs) was used to achieve sub-angstrom level control of the tip-substrate distance. The STM was 
controlled using a custom written program in IgorPro (Wavemetrics, Inc.) and operated in ambient 
conditions at room temperature. The gold substrate was cleaned using UV/Ozone for 15 minutes 
prior to use. For each measurement, 1000 traces were first collected prior to adding molecular 
solutions to ensure that the gold was clean. Solutions of the target molecules at 1 mM concentration 
in 1,2,4-trichlorobenzene (Sigma-Aldrich or Alfa Aesar, 99% purity) were added to the substrate 
for molecular conductance measurements. The applied bias was 225 mV, and the substrate was 
displaced at a speed of 19 nm/s for all measurements. The current and voltage data were acquired 
at 40 kHz. For each molecule, we collected over 10,000 traces to create 1D and 2D conductance 











3.11. Additional Figures 
 
Figure 3.7. (a) 1D conductance histograms of 1.3:1 isomeric mixture of Si2Naph (dark purple), 






Figure 3.8. Histograms of sustaining and breaking traces for Si2Naph (1.3:1 mixture of isomers) 







Figure 3.9. Histograms of sustaining and breaking traces for cis dithiol 3a under 0.2 V, 0.5 V, 





Figure 3.10. Histograms of sustaining and breaking traces for trans dithiol 3b under 0.2 V, 0.5 






Figure 3.11. 1D conductance histograms of breaking junctions under bias for Si2, Si2Naph 
(labeled as “mix”), 3a (labeled as “cis”), and 3b (labeled as “trans”). The vertical pink and 
purple lines denote the conductance of Si2 and Si2Naph, respectively, obtained from the 











Figure 3.13. 3D structure of Si2 molecular junction with electrodes and calculated voltage drop 











































Figure 3.22. Example 3D structure of molecular junction of Si2 used for MD simulations. The 
Au atoms in the box are fixed, and the rest are allowed to move. 
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3.12. DFT Calculations and Molecular Dynamics Simulations (as described in the submitted 
paper: “Mechanism for Si—Si Bond Rupture in Single Molecule Junctions” by Haixing Li, 
Nathaniel T. Kim, Timothy A. Su, Michael Steigerwald, Colin Nuckolls, Pierre Darancet, James 
L. Leighton, and Latha Venkataraman).1 
 
The ab-initio computations are carried out with the following considerations: we first 
consider whether an applied voltage might exhibit a Stark effect on the junction to polarize the 
Si—Si bond, thus destabilizing it.17 We construct a molecular junction using electrodes that consist 
of seven layers of 16 gold atoms on both sides terminated by a trimer that serves as a tip structure 
on which Si2Naph is bound by both ends at the thiol anchor. This junction is relaxed using DFT 
within the GGA of Perdew, Burke, and Ernzenhof (PBE)18 and a double-z-basis set as implemented 
in SIESTA.19 Details of these DFT calculations are described in more detail from Darancet et al.16 
The DFT-optimized junction geometry is first determined and then a bias-dependent steady-state 
density matric is calculated self-consistently following a standard first principles approach. A bias 
voltage of 1.0 V is applied to the junction by fixing the chemical potential of the two electrodes 
symmetrically around the junction Fermi level and the potential profile across the molecule is 
obtained. From this profile, we find that about ~15% of the voltage drops across the Si—Si bond 
in the Au—Si2Naph—Au junction (Figure 3.15). This indicates that with a bias of 10 V applied 
on the junction, the Si—Si bond is under a 0.09 V/ Å electric field, which is unlikely to have any 
significant impact on the bond structure.20,21 
 We therefore conclude that bond rupture occurs via a current-induced mechanism where 
the incoming electrons excite molecular vibrational modes of the junction. We calculate the 
vibrational modes of Si2 and Si2Naph both in the isolated case and as a junction using DFT with 
a finite difference procedure. The dynamical matrix is generated using displacements of 0.025 Å 
for each atom, along each Cartesian direction. In the case of the junction, forces are computed 
using four layers of gold on each side, with only the top-most layer and the binding motif included 
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in the dynamical matrix, corresponding to 384 and 432 displacements for the Si2 and Si2Naph 
junctions, respectively.  
In Figure 3.6, we plot the calculated vibrational spectra for Si2 (red) and Si2Naph (purple) 
with the tick marks showing the energies of the Si—Si stretch modes. For Si2, the Si—Si stretch 
is maximal for the modes at 28.9 and 50.8 meV, with non-negligible displacements up to 103 meV. 
For Si2Naph, there is significant hybridization of the Si—Si stretch and the Si—Naphthalene 
stretch, leading to a denser spectrum of modes with significant Si—Si stretch in the 28-60 meV 
energy range. We first note that there are many Si—Si vibrational modes at low energies that can 
be relatively easily excited as long as the voltage across the junction is greater than ~ 200 mV. We 
note further that, due to their heavy mass, the Au-related modes are all at energies below 20 meV, 
i.e. spectrally decoupled from the Si—Si stretch modes. Finally, we find that a mode around 320 
meV, which corresponds to an S—H stretching mode is shifted to low energies upon the formation 
of an S—Au bond and H desorption. We have also calculated the vibrational spectra of Si2 and 
Si2Naph at finite electric fields (-1 V ~ 1 V) and do not see any strong field-dependence (Figure 
3.20, 3.21), as well as any charging dependence (Figure 3.22, 3.23). Therefore we consider the 
zero field spectra applicable to our measurements. We conclude that we can excite the Si—Si 
modes at all biases where we observe bond rupture. As the voltage is increased, the probability 
that these vibrational modes are excited increases as the composition of the scattering states around 
the Fermi energy has a weak energy dependence, and wider bias windows enable multiple 





Figure 3.23. Calculated vibrational modes for Si2 (red) and Si2Naph (purple) in both molecule 
and molecular junction (including the electrodes) configurations. The vertical tick marks show the 
decomposition of the Si—Si stretch mode energies.  
 
 
Figure 3.24. Molecular dynamics simulations showing distributions of bond lengths for Si—Si 




Next, we carry out ab-initio molecular dynamics (MD) simulations of bond stability at 
different finite temperatures. We model the junctions with one fixed layer of gold on each side and 
an ad-atom binding motif (Figure 3.24). We compute 5 ps-long MD trajectories using a 1 fs time 
step at constant volume and temperature. We compute the pair-distribution function for 
temperatures ranging from 300K to 1600K and determine the length of the Si—Si, Si—C and 
Au—S bonds at each temperature. In Figure 3.7, we plot the length distributions for these bonds 
in a Si2 molecular junction at different temperatures. We see that at temperature above ~1000 K, 
the Si—Si bond length varies by as much as 20% from the energy minimum bond length while the 
Si—C and Au—S bond length distributions do not show the same significant increase. This 
indicates that if the molecular vibrational modes are indeed excited by the current, the Si—Si bond 
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